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PREFACE 


i he present book represents the substance of a series of lectures 
delivered in Cambridge for some years past. It is intended to be an 
introduction to that aspect of biology which is commonly associated 
with the experimental method. The so-called ‘experimental’ outlook 
is really a misnomer, for there is no peculiar virtue in experiment as 
such. The crucial point is whether or not we feel that an analytical 
study of living processes is more useful, for the time being, than the 
inductive morphology of the past century. 

Until recently the central theme in zoological thought has been 
Evolution and whatever be the mechanism whereby one species has 
given rise to others we may be quite sure that the processes involved 
are essentially of a dynamic nature; the potentialities of the or- 
ganism and the nature of its cn-\-ironment have operated together to 
produce new and varied forms of life. Any real insight into the 
causes of Evolution involves a knowledge of function, and any con- 
ception of the organism as a dynamic unit is incomplete without a 
knowledge of its evolutionary history. It is just as illogical to restrict 
the study of animal life to morphological observations as it is to 
study an aeroplane as though it were a static and inert machine. 
Precise knowledge of the reactions between an organism and its 
environment is, however, very rare in those cases where the sequence 
of evolutionary forms is best known, and students of Evolution must 
either be content with relatively vague and indefinite speculation or 
must set to work to analyse environmental responses for themselves. 
Unfortunately, few students of zoology have had that training in 
the physical sciences which alone can make them realise the full 
significance of the analytical method. It is important to remember 
that those whose interests lie primarily in embryology or morphology 
undoubtedly find that a purely biological conception of the organism 
carries them much farther and much more securely than any ph3’-sico- 
chemieal conception can possibly hope to do. On the other hand, 
any attempt to analyse the relationship of the organism to its ex- 
ternal environment without an accurate and precise knowledge of 
physico-chemical laws is doomed to failure. No branch of biological 
knowledge can be complete until the facts of form and of function 
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have been subjected to quantitative treatment and the concepts of 
Evolution will continue to remain vague and indefinite until we have 
established units of measurement which will enable us to orientate 
the facts one to another on a quantitative basis, or until we can 
decide how far we may accept, as fundamental, those units which 
have proved to be satisfactory in the inanimate world. It is coni- 
monl}^ stated that a study of function must inevitably rest on a 
knowledge of form. In a restricted sense this is true, but it is a 
travesty of general truth unless we realise that the instruments of 
morphological enquiry are more subtle and more significant than 
the microscope and scalpel. With our present lack of knowledge it is 
not easy to weld into one generalised hypothesis any considerable 
mass of morphological and analytical data, and it is safer to put 
before the student the alternative points of view and leave him to 
frame his own philosophy after following, as far as he can, each 
rather bewildering trail. Within the compass of cytology the ad- 
vantages of the dual viewpoint are obvious, and for this reason the 
present work was planned as a convenient means of introducing to 
students some conception of the complexity of ideas which arise* 
from a study of the simplest of morphological units. 

Cytology may rightly claim to be the fronticT state in the bio- 
logical commonwealth, for within its borders biologists and chemists 
find common ground. The chemist is interested in the activities of 
living matter and the biologist is impressed by the orderly analysis 
to which the chemist can submit his facts. A biologist who attempts 
to give a generalised conception of the living cell inevitably invites 
active criticism, for the attempt to co-ordinate the relevant facts is 
fast becoming a task beyond the competence of any one individual. 
Sir William Hardy has recently described the ideal biological college : 
‘It should have three floors — a ground floor for molecular physics, 
a first floor for biophysics, and a top floor for cell mechanics ’. The 
present book represents an honest, if pathetic, attempt to creep 
downstairs. It represents the impressions which the author, as a 
biologist, has gained by contact with such physical facts as appear 
to him to bear on the structure of living matter, and which can be 
imparted to others like himself, whose knowledge of inanimate 
matter is limited. 

In following the analytical outlook in cytology it is often not easy 
to assess the relative value of related data. Almost unconsciously 
we adopt from time to time views which are dangerously near to 
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incompatibility. The need for a covering hypothesis, however frail, 
is often acute and we tend to frame such hypotheses in terms which 
are elastic or obscure; this usually ends by adopting a terminology 
with which we, ourselves, are least familiar. As biologists we tend 
to put ingenuous trust in the possibilities of the colloidal state — that 
Al-satia (to borrow again from Sir William Hardy) ‘ wherein difficult 
states of matter find refuge from a too exacting enquiry’. So with 
the chemist, we note from time to time the bones of ignorance 
draped in the tinsel of hypothetical biology. One may note, not 
without some element of humour, that those who have done most to 
resolve biological phenomena into physical terms are the most prone 
to lay their tribute before the elements of purpose :and design, 
whereas Genetics has produced the vocal advocate of co-ordinated 
chemistry. Speculation is an essential element in all scientific 
enquiry, but it is well to define and not conceal the difficulties if we 
are to reap the full benefit of co-operative effort. It is import^t* to 
Idealise that no single activity of the living cell has yet been analysed 
in physical terms, and although the debt of biology to the physical 
sciences is fast nioimting up, we have not yet emerged from the 
depths of a very profound ignorance. It is also well to remember 
that biological units may, for some time to come, prove more valuable 
in cytology than those of physics — for the cell has already provided 
us with units (the chromosomes and the genes) which enable us to 
express the facts of heredity in numerical form as surely as the 
properties of matter can be expressed in units of molecules or of 
atoms. 

In the following pages the outlook is frankly analytical; at the 
same time an attempt is made to impress upon the student the 
fundamental complexity of living matter. Without stirring too 
vigorously the embers of a sterile controversy, it is well to ask hoAV 
far it is unreasonable to look upon the cell as an aggregate of matter 
which is unique in the material world, and over which laws of a 
specific type hold sway. If once this question has been faced, it is 
safe to find an inspiration in the thought that a purely mechanistic 
conception of living matter has led to a more orderly conception of 
biological data than that provided by any other hypothesis. What- 
ever be our natural outlook we can at least find common satisfaction 
in the belief that the established facts will remain long after our 
most cherished theories have passed away. Whatever viewpoint 
enables us to establish new facts, that viewpoint is the one we should 
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cherish; if it stimulates others to frame hypotheses more fruitful 
than our own we may rest content. 

The reader is reminded that this book represents the materials of 
, a course of lectures and for this reason much has been included which 
has already been incorporated into the works of more competent 
authors. To these authors the writer has endeavoured to acknowledge 
his indebtedness. In particular there should be mentioned the works 
of E. B. Wilson, T. H. Morgan, F. R. Lillie and E. V. Cowdry. Most 
of the material has been collected together, in the form of notes, 
from year to year and it is only too probable that I have failed to 
make due aclmowledgment of all original and secondary sources. 
For many of the diagrams I have to thank both authors and pub- 
lishers; in particular, I have to acknowledge the generosity of the 
Rockefeller Institute, New York, for permission to reproduce several 
figures from their publications. 


king’s college 
July 1930 


J. GRAY 



CHAPTEE ONE 


The Cell as a Unit of Life 

Th e cellular structure of living organisms has been a demonstrable 
fact for nearly a century and its discovery represents a definite land- 
mark in the history of biology. Hitherto, the only unit of life had 
been the entire organism and the change in biological thought which 
is represented in the original Cell Theory^ is comparable to the change 
produced in the physical sciences by the concept of the molecule as 
a unit of chemical structure. In both cases the establishment of a 
definable unit led automatically to greater precision of observation 
and of thought. 

As a unit of structure the significance of the cell is obvious, for it 
enables us to define with accuracy the morphological origin and the 
microscopic structure of most living tissues. Throughout life the cell 
remains the unit of organisation just as the bricks remain the units 
of which a house is built. Each cell-unit has a fairly well-defined 
structure and although this may vary from the normal we can, with- 
out much difficulty, form a reasonable conception of a ‘typical’ cell; 
it is bounded by a cell membrane and it contains a nucleus embedded 
in a cytoplasmic matrix of a heterogeneous nature. The problems of 
classical cytology are largely concerned with intracellular structure 
and not, primarily, with the parts which individual cells play in the 
economy of the whole organism ; in embryology the significance of 
the cell is clearly associated vith the structure of the whole organism 
and the facts of cell lineage owe their origin to the conception of the 
cell as a fundamental unit. For such purposes the cell is essentially 
a static unit, whose structure we investigate or "whose position in 
the organism can be rigorously determined. 

As a physiological unit the r61e of the individual cell is not quite 
so clear. In the first place the cell is not a fundamental unit in the 
sense that any process of subdivision leads to a complete disor- 

1 ‘The body is composed entirely of cells and their products, the cell being 
the unit of structure and function and the primary agent of organisation’ 
(Sharp, 1921, p. 7). 



2 THE CELL AS A UNIT OF LIFE 

gaiiisation of its properties. An enucleated fragment of an amoeba, 
or of a sea urchin’s egg is by no means dead, but retains for a con- 
siderable time typical properties of living matter ; bacteria are alive, 
yet their structure is by no means similar to that of a typical cell; 
fungi are also alive, and yet they exhibit no cell structure in the 
strict sense of the word. Difficulties of this kind have perplexed 
cytologists for many years and are still real objections to the time- 
honoured Cell Theory. Further difficulties arise when it is suggested 
that a metazoon is to be regarded as a colony of cells in which each 
cell is a fundamental unit of function. Nearly every experimental 
biologist has declined to accept this view. Driesch’s (1907) analysis 
of the part played by individual cells during the development of 
echinoderm eggs shows clearly that ^all attempts to depict the 
organism as an aggregate of cells have proved to be wrong’. The 
whole organism moulds the cells for its own ends, and its form is not 
predetermined by the position of the cells. Morgan (1898) showed 
that when a planarian is cut into fragments, regeneration to form 
new and complete individuals is effected by a remoulding of the 
original cells, and that no new cells are produced. Still more striking 
proof of the inadequacy of the cell as a fundamental unit is derived 
from Lillie’s (1902) work on Chaetoioterus larvae, where differentia- 
tion and development may occur without partition into discrete 
cells (fig. 1). The significance of these facts was at one time hotly 
debated (see Dobell, 1911) and although, to-day, our interests in 
cell-function are concerned with other problems, we must never- 
theless be careful to avoid any tacit assumption that the cell is a 
natural, or even legitimate, unit of life and function. 

From a mechanical point of view, cellular structure — or its 
equivalent — is essential, if life is to assume the forms which we 
actually find in Nature. Beyond a certain maximum size, a fragment 
of fluid protoplasm would be mechanically instable unless surrounded 
by a rigid envelope or endowed -with a rigid internal skeleton. Those 
types of life which exist in the form of small drops or thin films are 
quite stable in the absence of cell walls — but if life is to exist in three 
dimensions some means must be found of affording sufficient 
rigidity to the mass without reducing its flexibility to a very low 
level. Two alternatives are available: either the protoplasmic mass 
can be enclosed within a rigid envelope or it must acquire an internal 
skeleton. The possibilities of a rigid external shell are clearly limited, 
whereas the existence of flexible and elastic cell walls provides the 
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mechanical properties requisite for life in an almost infinite variety 
of form. A reasonable analogy is provided by a system of soap 
bubbles : the form of a single large soap bubble is strictly limited — 
whereas a large number of small bubbles adhering together can 
acquire, on the surface of a washtub, sufficient rigidity to endow the 
whole aggregate with a variety of stable forms. Cellular structure is, 
teleologically, a mechanical necessity for life in large and varied 
forms. From this point of view the cell as a unit of life is both 
unnecessary and unsatisfactory — it is merely the unit of mechanical 
stability. The real unit of life must be of a protoplasmic nature 



Fig. 1. Differentiation without segmentation. A, a normal trochophore of Chaeio- 
pterus, 24 hours old ; S, a trochophore from an unfertilised egg treated with potassium 
chloride, 23 hours old; note the ciliation of the surface, z;, vacuole; y, yolk. (Lillie, 
1902.) 

irrespective of whether it is subdivided to form a mechanically 
stable system or not: in other words, cellular structure is not in itself 
of primary significance. If we take a biologically heterogeneous 
system of growing protoplasm and proceed to a process of internal 
subdivision there may come a time when each phase of the system 
will be separated from the others by cell walls. At this stage each 
cell will represent a natural protoplasmic unit — but before this stage 
is reached the only real unit available is one which is expressed in 
terms independent of the process of subdivision. There can be little 
doubt that the most natural unit of life is the living organism, and 
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when we find, in some cases, that its constituent cells are united by 
intercellular processes it is impossible to admit the validity of the 
cell unit without further enquiry. 

On the other hand, there can be no doubt that the cell often forms 
a convenient physiological unit even if its individuality is not so 
fundamental as is sometimes supposed. Each living cell possesses, 
structurally, the essential machinery for independent existence; 



Fig. 2. Protoplasmic bridges between blastomeres of a young 
Asterias blastula (from Andrews). 

each cell normally has a nucleus and is chemically and physically 
in equilibrium with its environment by means of its surface mem- 
branes. Much of the work on the physiology of the cell has been 
performed on red blood corpuscles, or egg cells, which are normally 
isolated units, and some caution is necessary when we attempt to 
apply these results to the cells which form parts of whole organisms 
or whole tissues. 
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In other ways the cell is a convenient unit, for by its use we 
limit the heterogeneity of the material with which we work. A 
single muscle fibre or a single nerve cell enables us to analyse 
phenomena which are masked or rendered more complex in a 
muscle-nerve preparation. In cell physiology we are, in fact, 
attempting to dissemble the machinery of an organism into its 
simplest component parts. When we know how each of these works 
in an isolated state we shall be ready to integrate the data and gain 
some conception of the whole organism. It is as a convenient unit 
of functional activity that the cell will be regarded in this book. 
That we cannot thereby obtain an adequate picture of all vital 
activities will be only too obvious, but even a cursory summary of 
recent physiological work will show a growing need for a precise 
knowledge of intracellular processes. When the organism as a whole 
establishes with its environment an equilibrium of profound bio- 
logical significance, it does so by the machinery of its individual cells ; 
these equilibria are seldom detectible by the statical methods of 
cell morphology — ^they are, however, detectible by experimental 
methods. Finally, it is from a study of the cell that we can begin to 
build up a conception of living matter which can be expressed to 
some extent in the units which have been found to be applicable 
to inanimate matter. 
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CHAPTER TWO 


The Cell as a Physical TJnit 

A conception of the living cell as a dynamic unit can be reached 
from two points of view. We may either consider the relationship of 
cell structures to the phenomena of heredity and development, or we 
may regard cell structure as a molecular system, whose dynamic 
properties must be elucidated before we can gain any fundamental 
knowledge of cell function. As long as we are concerned with the 
mechanism of development, the units and methods which are 
employed are essentially biological. If, however, we are primarily 
interested in the non-reproductive aspects of cell activity we con- 
sciously or unconsciously attempt to use the methods and the 
units which are known to apply with great effectiveness to the 
study of particular types of inanimate systems. In other words, we 
attempt to define the structure and behaviour of living cells in terms 
of physical chemistry. The methods employed in this book frankly 
involve the validity of this point of view, but, before we proceed to 
investigate the structure and function of the cell in a mechanistic and 
material way, it is desirable to consider two fundamental problems 
■which are always present, however carefully they may be disguised. 
Firstly, ho-^v far is it axiomatic that physical and chemical laws will 
apply to living organisms? Secondly, how far are populations of 
living units or cells really comparable to molecular systems? 

When we regard the cell as a physico-chemical system we imply 
that the laws which govern physical and chemical systems will apply 
equally well to matter which is organised into the ‘living’ state. 
In one sense this may be true, but it does not follow from the nature 
of things, and it is a concession which can readily be abused. 

Many of the fundamental laws of physical chemistry can be stated 
as corollaries to the kinetic theory of matter, or at any rate on this 
foundation they can be expressed in a concrete form. Precise and 
accurate as these laws appear to be in practice, they are often not 
statements of infallible truth (see p. 14) ; they are, on the other hand, 
expressions whose truth has such a high degree of probability that any 
other possibility may, for all practical purposes, be ignored. Before 
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we apply these laws to the living cell we ought, so far as is possible, 
to satisfy ourselves that there is nothing in living matter which is 
likely to decrease this degree of probability or which may bring 
other possibilities within the realm of practical observation. For 
the present purpose, natural laws may be divided into two cate- 
gories. Firstly, there are laws which define the properties of matter 
in mass or in systems containing a very large number of molecules. 
Secondly, there are laws which define the properties of single mole- 
cules, and which are not directly concerned with the behaviour of 
neighbouring molecules. 

The application of statistical laws to biological problems assumes 
that a very large number of participating units are invariably 
present and that we can safely ignore the behaviour of each unit as 
such. If these fundamental units are molecules of water or even of 
proteins the use of statistical laws is almost certainly justified, for 
even very small cells contain many millions of molecular units (see 
p. 9). It is, however, by no means certain that biological processes 
only involve reactions which depend on large numbers of individual 
molecules and do not involve those wdiich depend upon compara- 
tively small numbers of larger aggregates. Even within inanimate 
colloidal systems the statistical laws break down when we deal with 
units which are no larger than typical living cells. Using a suspension 
of gold particles, whose average radius was 19 Smoluchowski (see 
Svedberg, 1928) found that withinavolume of the suspension equal to 
1064 fjb^ (i.e. the approximate volume of many living cells) there was 
an average number of particles equal to 1*545. When this small 
volume of suspension was examined from time to time, however, 
the actual number of particles visible varied very considerably — ■ 
sometimes no particles were visible, at other times as many as seven 
could be seen. This variation is, of course, due to random Brownian 
movement. Table I records the results of 518 successive observations. 
Out of a total of 518 observations, there were 168 occasions when 
one particle was present, 130 when two particles were present, and 
only one when seven were present. Instead of expressing these 
phenomena in terms of the relative frequency of particular states of 
distribution, we can express them in terms of the average time which 
elapses before a given state is spontaneously reformed by random 
movement of the particles. Thus in another case described by 
Svedberg, seven gold particles occurred on the average every 
28 minutes when observations were made at the rate of 39 per 
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minute. From these and other data the time interval between two 
corresponding states can be calculated — ^thus three particles are 
present every 2 seconds, or IT particles once in 50,000 years. During 
the whole of the observations the average number of particles present 
(in 1064 over a long period of time is unchanged and is identical 
vn.th that of the mass of the suspension (viz. 1-55). 

A similar line of reasoning shows that if we start with a 1 per cent, 
difference in pressure of a gas on the two sides of a porous partition (see 
p. 14) and allow equilibrium to be established, we can nevertheless 
expect to find the original 1 per cent, difference of pressure to be spon- 
taneously regained after an interval of years, if the volume of gas 
on each side of the partition is 0-5 c.c. 

Table I 


No. of 
particles 
present 

No. of ob- 
servations 

Frequency of distribution 

Obs. 

Calc. 

0 

112 

0*216 

0-212 

1 

168 

0-324 

0-328 

2 

130 

0-251 

0-253 

3 

69 

0-133 

0-130 

4 

32 

0-062 

0-050 

5 

5 

0-010 

0-016 

6 

1 

0-002 

0-004 


1 

0-002 

0-001 


Quite clearly the degree of statistical variation which will occur 
in molecular systems depends largely on the magnitude of the 
system examined. If w^e examined 1 c.c. of the gold suspension the 
amount of variation would be relatively small: if we use a volume of 
10 it will be very large indeed. As long as we are dealing with 
large systems, any significant variation in the distribution of matter 
or energy occurs for such short periods of time or on so very few 
occasions, that we are justified in ignoring any state other than the 
one which is the most probable. In other words, in large systems 
the statistical possibilities postulated by the kinetic theory of matter 
are arbitrarily eliminated by assuming the truth of the Second Law 
of Thermodynamics (see p. 14). 

At this point the argument bears directly on biological problems. 
Are we justified in assuming that the essential events which occur 
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within a living system can be regarded as those which are the most 
probable from a thermodynamical point of view and which will 
therefore conform to statistical laws ? If our living systems are large, 
and clearly involve a very large number of molecular or physio- 
logical units, we should expect to find that the average states, of these 
systems conform to laws applicable to non-living systems in mass : 
the second law of thermodynamics would hold good, together with 
its corollaries the laws of mass action, diffusion, osmotic pressure 
and the gas laws. Accepting the absolute weight of a single atom of 
hydrogen as 1-63 x IQ-^^gr., Cameron (1929) gh^es the following 
molecular composition for the average mammalian red blood 
corpuscle. (Table II.) 

Table II 


Cell constituent 

Estimated number 
of molecules per cell 

X 10® 

Water 

980,000 

Haemoglobin 

800 

Phosphatide (lecithin) 

300 

Cholesterol 

230 

i Glucose 

295 

Urea 

295 

Glutathione 

58 

Creatin 

26 

Uric acid 

7 

Potassium ... 

G,300 

Magnesium ... 

2,800 

Chlorine 

TO 


The figures suggest that even within a cell much smaller than the 
red blood corpuscle (e.g. Bacillus coli) there are many thousands of 
millions of molecules. As long as each molecule is an individual unit 
the laws of mass action can safely be applied. It is by no means 
impossible, however, that the essential units of living matter are 
each composed of a very large number of molecules and under such 
circumstances the number of units present may be reduced to a 
figure which will materially affect the validity of statistical laws. 
The maximum size of an ultrafilterable virus cannot be greater than 
20 and the thickness of protoplasmic films is often only a 
fraction of a micron. If we are to apply physico-chemical laws to 
the events which occur within these small systems we must be 
careful not to stress unduly those laws which deal only with the 
statistically averaged states of much larger populations. In other 
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words, we are probably not justified in assuming the validity of the 
second law of thermodynamics without careful scrutiny. 

The problem arises in a somewhat different form when we are 
concerned with larger types of living matter. A small sea urchin’s 
egg has an approximate volume of 125,000 /x®. If the cell is dead, 
substances in solution distribute themselves within the egg in 
accordance with those laws which govern inanimate systems in 
mass, and we have no reason to doubt the validity of the second law 
of thermodynamics. As long as the cell is alive, however, the proto- 
plasm, although apparently of a liquid nature, must be regarded as 
the seat of a definite structure (see Chapter V) wherein events which 
occur after death do not occur during life and vice versa. We can 
look upon the cell system from two points of view. Firstly, we can 
assume that all the essential units are present in large numbers, and 
that when left to themselves they will distribute themselves in 
accordance with the kinetic theory of matter ; we may also assume 
that the ‘living ’ state is definable by the average state of the whole 
system. If these postulates are reasonable, we should expect the 
cell to obey the second law of thermodynamics, and we should be 
justified in applying the laws of mass action to intracellular pro- 
cesses. One way of testing this hypothesis might be to demonstrate 
that the living cell is unable to absorb heat from surroundings which 
are at the same temperature as itself, and use this energy for main- 
taining vital activity. Unfortunately any direct test of this type is 
technically impossible owing to the intrinsic properties of living 
matter. As A. V. Hill (1924) remarks, ‘What would a student of 
thermodynamics say if his machine had perforce to have food and 
drink and oxygen to prevent it from collapsing whilst he put it 
hurriedly through its Carnot cycle? How pleased would he be with 
an elastic body which had one set of properties at one moment, 
another set at another? What accuracy would he attain if his 
membranes began to leak as soon as he deprived them momentarily 
of oxygen? ’ Having failed to find any positive evidence to support 
the application of the second law to biological systems, we have to 
consider how” far its application is useful as a working hypothesis. 
Here we are on firmer ground. If we assume the validity of 
statistical laws, the analysis of living organisms by physico-chemical 
methods is greatly simplified, since, under these circumstances, the 
conversion of energy from one form into another within the cell must 
conform to those limitations which are applicable to inanimate 
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matter, (i) The cell cannot provide a continuous supply of work by 
utilising the energy of bodies which are at a uniform and equal 
potential, and at the same time leave these bodies otherwise un- 
changed. For example, the living units cannot spontaneously cool 
themselves and give forth the resultant energy in the form of 
mechanical work, (ii) If the cell contains a series of machines whereby 
the potential energy of a molecular system is utilised for mechanical 
work, the maximum efficiency in every case must be the same and 
be independent of the nature of the machine. 


where 


Energy transformed into work 6 ^ — 9 ^ 

Energy drawn from the system ’ 

0 0 

~ is entirely dependent on the molecular system 


operating the machine. If we are prepared to make assumptions of 
this type we can, for some purposes, entirely ignore the physical 
mechanism of living processes and study the cell as a converter 
of energy which is strictly comparable to inanimate heat engines. 
Given certain measurable data concerning the cell and its en- 
vironment, we can define the state of stable equilibrium without 
any real knowledge of the way in which this equilibrium is effected. 
We find in practice that many diverse phenomena can, in this 
way, be pieced together to form an adequate picture of biological 
events. For example, if we know that the surface of a red blood 
corpuscle is freely permeable to ions such as those of chlorine and 
bicarbonate, and is impermeable to potassium ions and to haemo- 
globin ions, then by accepting the validity of the second law we can 
define with accuracy the equilibrium which must exist between the 
corpuscle and the surrounding plasma, and these results are con- 
firmed by experimental facts. In such cases the denial of the second 
law would throw the experimental facts into confusion: it seems 
much more satisfactory to accept the gifts which Nature provides 
than to remain in a rarefied atmosphere of philosophic doubt. 
Similarly, when we find differences of potential between one part of 
a cell and another, we can, by accepting the second law, proceed 
to analyse them by the methods which apply to inanimate systems 
(see Chapter XV). 

The only real objection to this point of view arises from purely 
biological facts. The living system is thermodynamically instable, 
it will break down unless it is continuously supplied with free 
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eiierg^y. In other words, no living cell is ever in strict thermo- 
d}mamical equilibrium. Secondly, a fluid protoplasmic system — 
apparently homogeneous even under the ultramicroscope — appears 
to be heterogeneous from a biological point of view. The egg of a 
mollusc or an ascidian must have a definite structure and yet we see 
no obvious mechanism whereby such a structure can be maintained 
within the fluid cytoplasm. These and similar facts suggest some 
degree of caution when the cell is looked upon as a system which is 
always trying to reach a state of thermodynamic equilibrium. If we 
accept the second law, then the secret of life lies in the presence 
of membranes and surfaces w^hose mode of operation and whose 
efficiency are similar to those known in inanimate systems: their 
origin is different — for, in the cell, these machines come spontaneously 
into existence and set up a state of affairs which can only be produced 
elsewhere by the intervention of external agencies. In other words, 
is it thermodynamically probable that an instable system, such as a 
living cell, should have come spontaneously into existence? Within 
inanimate systems spontaneous processes invariably take place in 
such a manner as to reduce the free energy of the system to a 
minimum and to distribute the total kinetic energy at random 
throughout the whole population of molecules present. Spontaneous 
changes increase the 'entropy’ of the system — they never decrease 
it. The only way of effecting such a decrease is by the employment 
of methods which involve an increase in entropy of some other 
external system. How’' far such facts are true in biological systems is 
unknowm. For example, when the inanimate system of proteins, fat 
and salts found in the yolk of an egg, is converted into a living 
embryo, the process occurs with little or no loss of energy in the 
form of heat and yet the final product has more free energy than 
the original system. The spontaneous origin of the living state from 
inanimate matter is a concept not altogether absent from the theory 
of biological evolution, but from a thermodynamical point of view 
it may be regarded as an extremely improbable phenomenon. 

If we are inclined to deny the validity of the second law, we 
get a totally different and perhaps less satisfying picture of the 
li\ing organism. Returning to Smoluchowski’s suspension of gold 
particles, w^e might imagine a system which was composed of a large 
number of compartments each approximately 1000 in volume, and 
conceive of a reaction which occurred irreversibly whenever four 
or more particles were present within a compartment. As long as 
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the particles were free to move from one compartment to another 
our imaginary reaction would always proceed to a limited extent — 
whereas thermodynamically it should not occur at all. We have, 
from this point of view, to look upon protoplasm as a series of 
insulated units each of which can behave independently of its 
neighbours but which are small enough to allow events which are 
intrinsically improbable in larger systems to occur fairly frequently. 
Such a conception of the cell may to some extent provide an 
analogy or suggestion concerning the “^catalytic’ effect of living 
tissues on reactions which normally go on very slowly; at the same 
time it leads us into practical difficulties, since at present there is no 
means of verifying the postulates or employing our conclusions as 
working hypotheses ; we have simply endowed protoplasm with the 
equivalent of Maxwell’s demon. The means whereby chance but 
critical aggregations of molecules or particles are used for carrying 
out essential life processes would constitute the demons (or their 
antitheses) of the cell — and be in effect the secret of life. 

The doubtful validity of the second law of thermodynamics 
when applied to living organisms was first pointed out by Helm- 
holtz, and in some aspects has been discussed more recently by 
Guye (1925). Guye has suggested that if organisms are beyond the 
limitations of the second law it would be possible for a fish to 
‘ co-ordinate to its profit ’ the motion due to the thermal agitation of 
the water in which it swims in order to transform it into the 
mechanical energy required for its own motion, even if the water and 
fish are at the same temperature. The proof that such a phenomenon 
does not occur is, however, no proof of the validity of the second 
law. If a fish were able to take energy from water at a higher 
temperature than itself and use this energy for movement, we should 
be almost equally surprised, although the process would be in 
accordance with the second law. There is overwhelming evidence 
to show that muscle fibres are not heat engines and therefore they 
are unable to draw directly on any source of thermal energy irre- 
spective of its relative temperature. Before we can test the validity 
of the second law by a study of direct transference of thermal 
energy we must show that the organism functions as a heat engine : 
so far such evidence is not available. 

It is doubtful how far the arguments presented in this discussion 
can usefully be summarised. If we tacitly accept the biological 
application of the statistical laws of physical chemistry we may find 
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that we have closed the door which leads to a really fundamental 
knowledge of the living state, and we must be prepared to regard the 
development of a hen’s egg as a process of increasing random dis- 
tribution of energy rather than as the orderly formation of an 
efficient piece of machinery. On the other hand if we deny the 
validity of statistical laws we must regard living matter as something 
quite different from the molecular systems of which we have so much 
reliable knowledge, and we are liable to flounder in a realm of un- 
restricted speculation wherein our only source of comfort lies in the 
conviction that the average organism (so beautifully adapted to its 
environment and built up without any measurable dissipation of 
energy from gross inanimate materials) is not a convincing example 
of the law of progression towards a maximum probability of state. 
As long as speculation plays its part in human thought there will 
always be — as Hill (1924) aptly remarks — 'some to affirm, as an act 
of faith and on insufficient evidence, that living cells are nothing 
but ordinary electrons and atoms and deny the existence of that 
fundamental organisation which is called life by wiser and more 
common -place folk: others, equally perverse, to attribute it all to 
"Nature” and to the inherent adaptability of the cell’. 

APPENDIX 

The Second Law of Thermodynamics 

It is not easy to express in simple, but accurate, terms the statistical 
principles which underlie many of the familiar laws of physical chemistry. 
To those not familiar with the elementary princij^les of thermody- 
namics, the following introduction may be of use. Most, if not all, of 
the illustrations are taken from Hinshelwood (1926) or from Guye (1925). 

Let us start with a small vessel enclosing 1 c.c. of a gas and divide 
it into two equal compartments by a partition which is freely permeable 
to the gas. If the pressures of the gas on the two sides of the partition 
are not equal, it follows from the kinetic theory of matter that molecules 
of the gas will move from one side of the partition to the other until 
the pressures on the two sides of the partition are equal; having reached 
this state, the distribution of the gas will not change. Such a phenomenon 
can readily be observed in practice, and the laws which express the 
process of equalisation of pressure can be rigidly defined for all practical 
pmposes. It is necessary to remember, however, that when the two 
pressures are apparently equal there is still a movement of molecules 
from one side of the partition to the other: when we measure the 
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pressures and find them equal we know that, during the period of time 
required for any single observation, the average number of molecules 
passing in one direction is equal to the number passing in the other 
direction. It does not follow that at any instant of time there is a definite 
number of molecules passing the boundary in one direction and an exactly 
equal number passing the boundary in the opposite direction. All we can 
state with safety is that over a measurable period of time the average 
numbers of movements in the two directions are equal. At any instant 
of time each molecule has an equal chance of movement in either 
direction and, since the direction of movement is at random within the 
whole population, there will be times when there is an excess of molecules 
on one side, and other times when the excess is on the other side. Thus, 
if we start with exaet equality of numbers on the two sides and one 
molecule then moves aeross the partition it is probable, but by no means 
certain, that another molecule will move in a contrary direction. On the 
other hand, if two molecules move in one direction the probability of 
there being a molecule moving in the other direction is increased. Ob- 
viously the behaviour of the gas as a whole is no indication of the 
behaviour of any single molecule. When we apply the gas laws to living 
organisms we imply that we are only concerned with very large numbers 
of molecular or other units and can therefore safely ignore the behaviour 
of each individual unit. 

That statistical laws break down when the number of units involved 
is small can be seen from the following example which is a modification 
of that given by Guye (1925), If we put into a bag twenty balls, ten of 
which are white and ten of which are red, and select at random ten balls, 
there are ten different combinations possible in respect to colour. These 
are shown in column 1, Table III. Each combination is, however, not 
equally probable. It is more probable that the ten selected balls will 
include balls of both colours than that they should all be red or all be 
white. The number of ways of making any individual t^^pe of drawing 
can be calculated by the formula 

r 10! T 

\ji ! {10 ~n) ij 

and we can express the probability of any particular drawing by the 
relative frequency of the ways in which it can appear to the total number 
of selections possible. In this way we get the figures given in column 3, 
Table III. From such data it is obvious that a uniformly red sample 
(viz. ten red balls) will only be drawn once in 184,000 drawings — and 
that if we were to use one hundred balls (fifty white and fifty red) the 
probability of drawing out fifty red balls would be too small to play any 
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part in an actual series of observations, although of course it is always 
a possibility. If, however, we were to use ten balls (five red and five 
white), the probability of selecting five red balls would be and if we 
use four bails the probability of drawing a uniformly red sample rises 
to one drawing in every six. It is clear that an event which is intrinsically 
improbable in large systems becomes more and more probable when we 
use smaller and smaller systems. When the number of units involved is 
very large, the chance of a particular grouping which is remote from the 
‘average’ distribution of the units becomes so small that we can neglect 
it for practical purposes; this conception when applied to the distribution 
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2 
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White 

No. of possible 
combinations 

Probability 

10 

0 

1 

00000054 

9 

1 
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0-00054 

8 

2 
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0-01097 

7 

3 
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6 

4 
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0-2388 

5 

5 

63,504 

0-3439 

4 

6 
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0-2388 
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7 
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0-0780 

2 

8 

2,025 

0-01097 

1 

9 

100 

0-00054 

0 

10 

1 

0-0000054 



184,756 

1-0000 


of energy or molecules of a gas is known as the Second Law of Thermody- 
namics. It will be noticed that the distribution of particles within a small 
volume of a colloidal suspension (see p. 7) is a phenomenon lying out- 
side the scope of the Second Law. 

The full significance of this law is not easily appreciated, but at the 
moment it is sufficient to realise that the Second Law applies on ly to systems 
containing large numbers of molecules. When we say that heat is not 
transferred from a cold body to one warmer than itself, or that a body 
does not spontaneously cool itself and perform external work, we are, in 
effect, saying that these events occur so seldom and to such a small extent 
as to play no significant role in natural events. We have seen, however, 
that events wdiich are extremely rare or improbable in everyday life may 
become comparatively frequent within microscopic systems. 

The conception of entropy may be illustrated as follows. We may 
imagine a bag of soot and a bag of flour. If we empty them carefully into a 
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barrel the two powders are segregated into two heaps in contact with each 
other. If we begin to shake the barrel the particles of soot and flour begin to 
be mixed together — and the longer we shake the more the powders are 
mixed up: short of picking out each individual particle or using some 
method which discriminates between a grain of soot and a grain of flour, 
we cannot separate them. If we replace the flour and soot by molecules, 
half of which have a higher degree of thermal agitation than the other, 
then the longer they are left in contact the more uniformly will this 
energy be distributed throughout the whole mass. The degree of complete 
distribution of energy at random throughout the system is known as the 
entropy of the system. Since the most probable state is that condition 
where the energy is distributed completely at random, the most probable 
state is that of maximum entropy. Once this condition is reached in a 
macroscopic system of molecules it is highly improbable but not impossible 
that the process can reverse itself spontaneously, just as it is possible 
but improbable that by shaking the flour and the soot long enough the 
two types will again be completely segregated from each other. It will 
be noted that the law of progression towards maximum entropy breaks 
down in small systems, since the entropy of the system is a function of 
the probability of state. 
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CHAPTEK THREE 


Cell Dyjiamics 

The most characteristic feature of a living cell is its power of 
transforming energy. In some cases this transformation is obvious; 
an amoeba, a ciliated cell, or a muscle fibre during their whole lives 
are transforming chemical potential energy into kinetic energy of 
movement. As soon as the cells die this transformation ceases. In 
most cases, however, the dynamic properties of the cell only reveal 
themselves in a more incomprehensible way. Every living cell, 
without exception, is transforming potential energy, though this is not 
evolved in the form of useful \vork but appears as heat. According to 
Shearer (1922) a newly fertilised egg of Echinus miliaris at 14-5° C. 
evolves 0-067 x 10 gr. calories per hour. The meaning of this funda- 
mental process is very obscure, but within certain limits we can say 
that the intensity of heat production over a reasonable period of time 
is a measure of the ‘\dtality’ of the cell. It is strange that a process 
so universal should only be put to obvious practical use in the latest 
products of evolution; the heat production of the muscle cells of 
birds and mammals maintains, of course, the body temperature at 
a high constant level — but such an economic use of the heat pro- 
duced by tissue cells is the exception rather than the rule within 
animate systems. 

The source from which animal heat is derived is not, as a rule, 
difficult to locate. It is nearly always the result of oxidation of an 
intracellular compound ; the oxygen is derived from the environment 
and the product of oxidation (COg) is liberated into the environment. 
This process of respiration is of profound importance for two reasons. 
Firstly, there is clear proof in some cases that the energy which is 
originally contained in the molecules of carbohydrate or fat within 
the cell ultimately appears in the form of useful work when the cell 
carries out active movements, and is also the source of the heat 
which is evolved when the cell is at rest. Secondly, it is only in 
living cells that the process of respiration occurs. If the cell is dead 
the carbohydrates cease to be oxidised by atmospheric oxygen in 
the normal manner. There are therefore two distinct problems. 
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(1) How does the cell manage to oxidise carbohydrates at a low 
temperature when such a process does not normally occur in vitro'i 

(2) When the cell has oxidised a carbohydrate to COg and water, and 
has thereby obtained a supply of free energy, how does it use this 
energy before ultimately dissipating it in the form of heat? In other 
words, how does a cell obtain a supply of free energy in the first 
instance, and having got it, how does it make use of it? The 
machinery whereby the living cell is able to oxidise its respirable 
materials is bound up in the so-called oxidising enzymes (see Dixon, 
1929). In the presence of these enzymes the oxidisable substances 
in the cell and the free oxygen of the environment cease to represent 
a stable inactive system and become an active system in which the 
oxidisable substances are rapidly converted into carbon dioxide, 
water and other products. Such a change might be effected in three 
ways. (1) The oxidisable substances, under the influence of specific 
enzymes, might become 'activated’ and when in this state react 
with atmospheric oxygen. For example, when xanthine is activated 
by xanthine dehydrase, it is rapidly oxidised by molecular oxygen — 
and the process is unaffected by the presence of cyanides. (2) The 
oxidisable substance, although unoxidised by molecular oxygen, may 
be oxidised by ' activated ’ oxygen — although the molecules of the 
substrate might remain in an inactivated state. Such reactions 
appear to occur when the system is sensitive to the presence of 
cyanides, for these radicles affect the process of activation of mole- 
cular oxygen. (3) Both oxidisable substance and atmospheric 
oxygen might require to be activated if oxidation is to occur. Thus 
lactic acid when activated by dehydrases will not react with atmo- 
spheric oxygen : if however methylene blue is present, rapid oxida- 
tion occurs, since the dye acts as a carrier of activated oxygen to 
the activated substrate. One theory of cell respiration postulates the 
presence of more than one of the above types of reaction (Dixon, 
1929), and implies that a significant number of different enzymes 
are constantly in action. Another conception has, however, been 
advanced by Warburg (1928). This author maintains that there is 
only one respiratory enzyme and that it invariably operates by 
activating free oxygen. The essential reaction in respiration is, from 
this point of view, a reaction between molecular oxygen and an 
organic compound of iron — ^which compound is, in fact, the essential 
' respiratory ferment ’. The reaction can be expressed by the formula 

Z.Fe + O 2 ^ X.FeOg, Y.FeO^ + 2^ = Z.Fe -|- 2^0, 
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where Z.Fe represents the respiratory ferment and A represents 
the oxidisable substrate. The evidence in favour of and against this 
view has been summarised by Dixon (1929). There can be no doubt 
thatj in respect to inhibitory agents such as cyanides and narcotics, 
living systems bear a close resemblance to those oxidations in vitro 
which are known to be catalysed by iron compounds; at the same 
time it seems very doubtful whether all intracellular oxidations can 
really be attributed to reactions of this type. The respiration of 
many cells is not, as Warburg claimed, totally inhibited by cyanides. 
Even in sea urchin eggs — ^the material used by Warburg — the 
maximum inhibition is about 80 per cent. (Loeb and Wastcneys, 
1911, 1913), and in other tissues may be considerably less (Gray, 
1924; Dixon and Elliott, 1929). In one instance (Chlorella) the 
respiratory process is said to be completely insensitive to cyanide 
(Emerson, 1927). 

A more adequate picture of intracellular oxidase systems is 
available from the work of Keilin (1925, 1926, 1929). Keilin showed 
that nearly all cells contain an oxidisable pigment, cytochrome, 
which, in the reduced form, exhibits a definite series of spectral 
bands. If a suspension of cells in an oxygenated medium is examined 
spectroscopically no spectral bands of cytochrome are visible; if 
however the oxygen be removed, four distinct bands of reduced 
cytochrome become visible, which again disappear on admitting 
oxygen. We may conclude, therefore, that oxidised cytochrome is 
rapidly reduced by the cell and that reduced cytochrome is rapidly 
oxidised by atmospheric ox^^gen. In other words cytochrome can 
act as a carrier of oxygen. 

Keilin has shown that cell narcotics, e.g. urethane, can prevent 
the reduction of cytochrome but they do not inhibit its oxidation. 
For instance, if ethyl urethane is added to a yeast suspension, the 
cytochrome is immediately oxidised and is not reduced on the 
removal of oxygen. On the other hand, a trace of cyanide will 
immediately reduce oxidised cytochrome, and will prevent its 
oxidation by free oxygen. There are therefore two distinct processes 
at work — ^those concerned with the oxidation of reduced cytochrome 
and those concerned with the reduction of oxidised cytochrome ; the 
cytochrome is acting normally as an intermediate carrier of oxygen 
between these two processes. Keilin (1929) has recently shown that 
the systems responsible for the reduction of oxidised cytochrome 
are the dehydrase system of enzymes, whereas the catalyst re- 
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sponsible for the oxidation of reduced cytochrome is none other than 
the indophenol oxidase^ system so universal in animal tissues. All 
factors which influence the activity of dehydrase enzymes inhibit 
the reduction of cytochrome and all factors inhibiting indophenol 
oxidase inhibit the oxidation of cytochrome. It looks as though the 
‘respiratory ferment’ of Warburg is really the indophenol oxidase 
system, and that it is only part of the whole respiratory mechanism. 

Although many parts of the respiratory mechanism are but im- 
perfectly understood, the progress of recent years has been ex- 
tremely rapid and we may reasonably hope that before long we shall 
know the precise series of events whereby the molecules of the 
respirable substrates within the cell are made to yield a supply of 
free energy. 

Bio-electric properties of the living cell 

It has been known for many years that the activities of a living 
cell are associated with the production of electricity. If a galvano- 
meter circuit be interposed between two regions on a cell’s surface, 
one of which is more active than the other, a current of electricity 
will flow towards the more excited region. Bio-electric currents of 
this type are well known in muscle fibres, nerve cells, secretory cells, 
and even in egg cells ; the detection of such currents is important, 
for they not only indicate that there is a difference in the electrical 
potential between an inactive and an active cell surface, but also 
that the cell is capable of generating electricity like a galvanic cell. 
Unlike the potential difference between the cell surface and its 
external medium (see p. 47) the bio-electric potential is a specific 
characteristic of life, for it disappears whenever the cell dies. In one 
way the production of an injury current or an action current is 
just as vital a phenomenon as respiration — and although the total 
energy involved is probably very small (Hill, 1921) the distribution 
of this energy is a fundamental factor in the organisation and 
behaviour of the cell. The practical significance of action currents 
is more clearly illustrated in muscle and nerve than in those cells 
with which cytologists are usually concerned. There are, however, 
certain points of general interest which may here be considered. 

In the absence of metallic electrodes we look for the origin of the 
bio-electric current in localised differences in the concentration of 

^ A mixture of a-naphthol and di-methyl-para-phenylene-diamine will in 
the presence of this enzyme yield a blue coloration due to indophenol. 
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either positively or negatively charged electrolytic ions and these 
differences must exist within a system comparable to those galvanic 
cells which contain no metallic phases (see p. 393). For the moment, 
we may confine our attention to the so-called phase boundary 
systems originally investigated by Beutner (1912 c), since they lead 
to a definite conception of protoplasm as a generator of electricity. 
Beutner showed that if two unlike solutions of potassium chloride 
are separated by a layer of salicylic aldehyde containing salicylic 
acid the system is capable of acting as an electrolytic cell, the e.m.f. 
of which can be expressed quantitatively on the assumption that 
potassium ions can diffuse through the aldehyde, whereas those of 
chlorine are unable to do so (see p. 394). Similarly if two unequal 
solutions of potassium chloride are separated by a layer of or- 
thotoluidin the mobile ions may be regarded as chlorine and the 
potassium can be assumed to be unable to move across the layer of 
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oil. In both systems the e.m.f.’s are equal in magnitude but opposite 
in sign; hence, the orientation of the potential is an indication of 
which type of ion is capable of moving from one phase to the other. 
The detailed analysis of such systems is best deferred to a later stage 
(see p. 393 seq.), and for the present we may confine attention to the 
application of such phase-boundary potentials to biological systems. 
Loeb and Beutner (1911) compared the e.m.e.’s given by phase 
boundary chains with those derived from living tissues. A cup was 
cut into a healthy apple and into this was placed iV/10 KCl; the 
outside of the apple was in contact with a solution of potassium 
chloride of different concentration. The e.m.f. between the two 
solutions of salt was then determined (Table IV). 

If the tissues of the apple were strictly comparable to a system 
of salicylic aldehyde then the observed e.m.f. should be given by 
RT c 

the expression logg where and are the concentrations 
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of potassium in contact with the outside and the inside surfaces 
of the apple. The observed differences (Table IV) in potential are, 
in fact, slightly lower than would be expected if the apple were 
acting as a phase or electrode which could transmit potassium ions 
but not chlorine ions. The sign and magnitude of the potential was 
found to be independent of the concentration of anions, but sensitive 
to changes in the concentration of cations. These results are essen- 
tially similar to those obtained by MacDonald (1900) using nerve 
fibres, and suggest that the cell surface acts in an electrometric 
chain as though it were an electrode reversible in respect to cations 
but not to anions. In point of fact, more than one explanation of 
the facts is possible (see p. 396), but Loeb and Beutner interpreted 
their results by postulating at the cell surface a non-aqueous layer 
containing an acidic radicle which enabled it to act as a carrier for 
cations. They also showed (1914) that artificial systems of guaiacol 
containing lecithin or extracts of tissue would give electromotive 
forces comparable to those developed by a living apple. In both 
cases the e.m.f. appeared to be more sensitive to potassium ions than 
to h3^drogen ions. Loeb and Beutner naturally concluded that proto- 
plasm is essentially a fluid which is non-miscible with water, and 
which is capable of acting as a reversible electrode just as is the case 
of salic}dic aldehyde containing salic^dic acid. There can be little 
doubt that Loeb and Beutner were wrong in attributing the electro- 
motive phenomena of the apple to the living cells, for Michaelis and 
Fujita (1925) have since shown that it is more likely attributable to 
an inanimate cuticle. At the same time Loeb and Beutner’s results 
remain of very considerable biological importance, for they suggest 
that the observed p.d. between the outside and the inside of the 
living cell ma}- be due to the same cause as that characteristic of the 
interface between two immiscible fluids. In its simplest form, how- 
ever, this conception is untenable. If a film of protoplasm is strictly 
equivalent to Beutner’s oil phase (salicylic aldehyde and acid), there 
should be no observable e.m.e. when the same solution is in contact 
with both the inside and outside surfaces, since the only source of 
the potential in such a s^^stem lies in a difference in concentration 
of ions on the two sides. As long as the same concentration of salt 
is present on the two sides there can be no production of energy. 
This point was investigated by Osterhout, Damon and Jacques (1927), 
who used the large cells of the alga Valonia. On setting up the system 
Cell sap I Protoplasm ] Cell sap 
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a persistent e.m.f. of approximately li'5 millivolts was observed 
across the protoplasm. Essentially similar results were obtained with 
Nitella cells (Osterhout and Harris, 1927 a), where the potential 
difference between a dead surface and a living surface was 15-9 
millivolts when both were bathed in sap. Both in Volonia and 
NiUlla the inner side of the protoplasmic surface was found to be 
positive to the outer surface. It is important to notice that the proto- 
plasmic film of V&lonici is only a few microns in thickness ; if 
the protoplasm were comparatively thick it might well take many 
hours before the original outer surface came into equilibrium with 
the foreign solution (i.e. cell sap), and during this time the hetero- 
geneous distribution of ions within the protoplasm itself might 
provide sufficient energy to give a measurable deflection on a 
delicate electrometer. 

The full significance of these facts will be considered elsewhere, 
but it is quite clear that a layer of protoplasm must itself contain 
a supply of electrical energy and is not, as Loeb and Bcutner 
assumed, a passive electrode; within the protoplasm itself there 
must be an unequal distribution of effective ions which is independent 
of an inequality between the solution bathing the two sides of the 
film. Osterhout concluded tentatively that plant protoplasm consists 
of three distinct layers — ^two outer layers X and F of a non-aqueous 
nature, and a central aqueous layer TF. 

External medium \ X \ W \ Y \ sap. 

Since a persistent e.m.f. is obtained when the external medium is 
replaced by cell sap, we are forced to the conclusion that there exists 
within the protoplasm itself such a mechanism as will maintain an 
intra-protoplasmic e.m.f. independent of the solutions with which 
it is in contact. In other words, the protoplasm is a self-charging 
accumulator capable of doing work ; at the same time it is surprising 
to find such a mechanism within a system only a few microns thick. 

As already mentioned, the typical bio-electric current between an 
injured and an uninjured surface is so orientated that the injured 
surface is electro-negative. Within recent years, however, Osterhout 
and his associates have shown that the orientation of the potential 
depends on the precise way in which the electrometric systems are 
set up. Osterhout and Harris (1927 b) showed that the injury 
currents of single cells of Nitella may be positive or negative according 
to the concentration of potassium with which the cell surfaces are 
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in contact. If two drops {A and C, fig. 8) of O-OoM KCl (= artificial 
sap) are in contact with a cell and one drop (C) be saturated with 


2 inclies ■ 


.-Electrometer'- 




Single cell of Ni t ellaT 


1 — 
a. 


Cell wall 




Vacuolar sap 


Living p rotoplasn: 


Fig. 3. 

chloroform, the protoplasm at C is killed and the potential difference 
between A and C is entirely due to the effect of the living protoplasm 
at A; this yields an e.m.f. of about 20 millivolts. If chloroform is 
then applied to A, the potential is abolished and A becomes rela- 
tively more electro-positive to C (see fig. 4). 



Fig. 4. Photographic record of the bio-electric changes observed in a Nitella cell set 
up as in fig. 3. W'hen 0-05M KCl, saturated with chloroform, is applied at C, the 
point A becomes electro-negative. On applying a similar solution to A this electro- 
negative variation is lost. The vertical lines represent 5-second intervals. 

(From Osterhout and Harris.) 
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This may be regarded as a typical negative current of injury. If, 
however, the same experiment be repeated using potassium chloride 
of lower concentration (O-OOlM KCl) the observed changes in 
potential are of opposite sign (see fig. 5). 

Osterhout shows that these results might be expected if proto- 
plasm contains at least two phase boundaries, each of which is 
capable of generating electricity. The two boundaries are probably 
not equally sensitive to toxic reagents, and if the outer phase 
boundary is affected before the inner boundary, a positive current 



Mg. 5. Two points A and C in a NUella cell are initially in contact with O'OOlil/ KCl 
Application of chloroform to C renders A electro-negative; when chloroform is sub- 
sequently applied to A the latter eventually becomes electro-neutral. Contrast this 
figure with fig. 4. (From Ostcrliout and Harris.) 

of injury will result, whereas, under the reverse conditions, the 
injury current will be negative. This conception is illustrated in 
6; where the direction and length of the arrows indicates the 
direction and magnitude of the e.m.f. due to each phase boundary. 
Although hypothetical in origin, Osterhout’s scheme seems applicable 
to a very wide range of experimental results (Osterhout and Harris 
1928 a, b). 

Although it is clear that the nature of the bio-electric current can 
be influenced by electrolytic disturbances in the media bathing the 
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outside and inside of the cell surface, it is by no means obvious that 
the normal p.b. across a protoplasmic membrane is due to such 
causes. As already pointed out, an e.m.p. persists when the same 
solution is on both sides. If we look on protoplasm as an accumu- 
lator it is possible to imagine that electricity is generated by a 
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TF 

tf 
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f t 

Y 
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Negative current 
of injury 


Positive current 
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Fig. 6. 



SURFACE 

Fig. 7. Diagram to illustrate the bio-electric properties of a cell in which the 
intensity of respiration is not equal at two selected points (after Lund). 


process of intraprotoplasmic oxidation — the energy of which is 
transformed into electricity. This view is supported by Straub (1929) 
and by Lund (1928). There is some evidence (Mond, 1927; Lund, 
1928) which indicates that bio-electric currents may be sensitive to 
changes in the oxidative activities of the cell, but further discussion 
is best postponed (see p. 888). 
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It should clearly, be understood that the correlation between 
bio-electric currents and phase boundary potentials is by no means 
certain — ^there are at least two alternative hypotheses (see p. 397). 
Whatever be the origin of these currents, however, there can be no 
doubt concerning their importance in cell physiology. They not only 
enable us to follow with accuracy the processes of protoplasmic 
conduction, but also enable us to realise the delicacy of the equilibria 
which are characteristic of life. In this respect the rhythmical waves 
described by Osterhout are of peculiar interest, for they illustrate 
the ability of the normal cell surface to change its essential properties 
in a reversible manner and to hand on these cycles of change to 
neighbouring units. 

Table V (from Lund and Logan) 


Current intensity 
in milliamps, 

(i) 

Duration in secs. 
(t) 

i \/t 

4-20 

166-0 (?) 

54-0 (?) 

4-90 

64-0 

39*2 

5-62 

38*5 

34*8 

7-12 

30*0 

38*9 

8-54 

20*4 

37*5 

lO'OO 

16*4 

40*4 

11 -46 

13-5 

42*0 

12*96 

10*7 

42*3 

14*60 

9-1 

43*9 

f 


The bio-electric properties of protoplasm are intimately concerned 
with the response made by a cell to external stimulation. This 
response is often unattended by any visible change in the structure of 
the cell cytoplasm, but an interesting exception has been described 
by Lund and Logan (1924) in Noctiluca. The protoplasm of this 
protozoon consists of an emulsion in which the discontinuous phase 
consists of a number of vacuoles each of which is separated from its 
neighbours by a film of granular protoplasm. On mechanical or 
electrical stimulation* these bounding films become instable and, 
since the vacuoles contain a relatively high concentration of acid, 
stimulation results in the liberation of free hydrogen ions into the 
medium. The process of electrical stimulation is curiously analogous 
to the stimulation of striated muscle for the product of the in- 
tensity of a stimulus and the square root of the time during which 
it must be applied is constant (see Table V). 
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Metabolism and cell structure 

The dynamic activities of living cells are not restrictM^O^processes- 
involving the redistribution of energy; they are also detectible in 
other ways. Probably all cells are constantly breaking down 
proteins and similar bodies into simpler products, and building 
these products up into more complex forms. So far as can be seen, 
nitrogen metabolism within the cell is largely associated with the 
maintenance of the living machinery — and represents the removal 
and replacement of those parts which have suffered an irreversible 
process of wear and tear. At the same time, it is by no means certain 
that all the dynamic activities of the cell play an essential role in 
the activity of life, for in not a few cases the intensity of chemical 
change may vary with the concentration of particular substances in 
the environment without any indications that this increase is of 
value to the cell. According to Stephenson (1930) the greater pro- 
portion of the energy liberated by micro-organisms is not the result 
of essential metabolism, but is the result of unrestricted enzyme 
activity on a favourable medium. Stephenson puts forward the 
interesting suggestion that the evolution of multicellular organisms 
represents ‘a process whereby the energy liberated in chemical 
activity, which in a microbe runs to waste, is so organised and 
disciplined that it is liberated when and where it can subserve 
functions such as muscular work or maintenance of temperature’ 

(p. 21). 

An intimate knowledge of cell metabolism is only of indirect 
interest in the study of cell structure although it raises one important 
fact. Every cell is endowed with the powers of effecting a Avell- 
defined series of chemical reactions and the only types of machinery 
which have so far been isolated from living cells are the enzymes. 
At the same time the microscopic structure of the cell is also known : 
we can recognise the nucleus, mitochondria and other morpho- 
logical structures. It is a curious and significant fact that (with the 
outstanding exception of the chromosomes) particular functional 
activities of the cell have, so far, not been clearly associated with 
particular morphological structures. Even in those cells (e.g. muscle 
fibres or ciliated cells) which exhibit specific and well-defined mor- 
phological structures the function of these structures is still un- 
known. It looks as though the fundamental structure of the cell is 
of an order quite remote from that revealed by microscopic methods. 
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When we try to form some conception of the way in which the 
cell utilises the energy derived from respiratory activity or of the 
source from which the bio-electric current is drawn we soon find 
ourselves in a realm of almost unrestricted speculation. We know 
that the status quo of the living cell can only be maintained at 
the expense of those substances which are capable of providing free 
energy and that at no time is the cell in a state of static equilibrium. 
Apart from the production of heat, the redistribution of energy 
effected by respiratory oxidations may exhibit itself in other ways — 
notably by the production of the electricity which accompanies most 
if not all vital activities. We can say that in some respects the cell 
behaves as though it were a self-charging accumulator which is 
constantly maintaining a leaking condenser. Unfortunately such 
comparable mechanisms as occur in the inanimate world are the 
result of human ingenuity — ^they do not spontaneously come into 
existence nor are they composed of proteins and fats. Analogies are 
dangerous concepts, but it looks as though the only real conception 
of a living cell as a dynamic unit is provided by comparison with 
suitable types of inanimate machines. Consider a motor boat with 
a hole in the hull below the water line. The engines can be used for 
various purposes, hut if the boat is to remain stable they must con- 
' tinuously pump water overboard; in addition to this the boat can, 
if desired, be driven through the ^vater. Stop the engines and the 
boat comes into equilibrium with its external environment and 
sinks. So with the cell, the living mechanism is providing energy 
partly to maintain the status quo of the whole system, and partly 
for the performance of the useful tasks of contraction, secretion, 
and other processes. However kindly disposed one may be to such 
analogies, two difficulties arise.. Firstly, why should the living cell 
have a hole through the hull? All one can say is that energy must 
be applied at certain centres or interfaces in such a way as will 
enable the system to remain stable and to do work. In so doing a 
system largely composed of proteins and water acquires the powers 
so far restricted to inanimate machines. The isolation of enzymes 
is equivalent to the isolation of parts of the working machine, and 
sooner or later we may be in a position to put some of these parts 
-together. We seem driven to the conclusion that a real understanding 
of cell structure will rest on a knowledge of how the various parts of 
the cells are orientated in respect to each other, rather than on a 
study of the chemical constitution of these parts. One has the 
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suspicion that the essential structure of living matter has completely- 
eluded us and awaits, for its revelation, a new method of studying the 
orientation of protein molecules one to another. At the moment, 
however, the position is dark, and placidly to regard the cell as 
though its mysteries were all but revealed by the magic wand of 
chemistry is a sorry tribute to biological facts. These remarks are 
not made in any spirit of adverse criticism. If we are engaged in 
dissembling an aeroplane into its component parts we cannot expect 
to rebuild them into an effective machine until every single con- 
stituent is known to us both in form and function. It may be — ^to 
use Morgan’s (1929, p. 77) phrase — ^that, ‘When if ever the whole 
story can be told the problem of the adaptation of the organism to 
its environment and the co-ordination of its parts may appear to be 
a self-contained progressive elaboration of chemical compounds . . . 
At the same time it is unwise to minimise the difficulties. A bio- 
logical problem disguised by the sparkling terminology of the 
chemist is too often a pathetic and rather disreputable object. 
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CHAPTEE FOUE 


The Cell as a Colloidal System 

Th e conception of the cell as a colloidal system is probably one of 
the most important landmarks in the history of cytology. For 
nearly a century our knowledge of cell structure was based, not on 
observations of living units but upon cells which had been stabilised 
by fixation and artificially differentiated by staining reactions. 
Almost simultaneously, Fischer (1899) and Hardy (1899) demon- 
strated, without any element of doubt, that these standardised but 
arbitrary processes were of the same fundamental nature as those 
which effect the precipitation of inanimate protein systems and 
which control the uptake of dyes by the coagulated particles. This 
fundamental discovery showed that the only reliable guide to 
protoplasmic structure must lie in a study of uncoagulated colloidal 
systems and not in a meticulous observation of coagulated cells. 
For more than thirty years every student of cell structure has had, 
of necessity, to follow the rapid march of colloidal chemistry. To 
some extent the position is satisfactory: the colloidal properties of 
cell constituents are now realised and we are not likely to make very 
gross errors in the interpretation of cell structure. At the same time, 
we must constantly bear in mind that the living system is incom- 
parably more complex than any 'which has, so far, attracted the 
undivided attention of the chemist. The biologist is concerned with 
a system in which there are many variables and w'hose structures are 
extremely instable. The chemist on the other hand is still concerned 
with systems which, in comparison, are extremely simple and rela- 
tively stable. Until these latter systems are more completely 
investigated than is at present the case, it behoves the biologist to 
tread warily if he is to avoid the pitfalls in his path. 

The literature of colloidal chemistry is extensive, but there are 
many admirable sources of information: Pauli (1922), Svedberg 
(1928), Bogue (1924), andFreundlich (1926). For the purposes of this 
book it is impracticable and unnecessary to follow the nmnerous 
applications of colloidal chemistry to biological problems. We shall 
only attempt to indicate — as simply as possible — certain types of 
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cytological phenomena in which colloidal phenomena quite clearly 
play their part. 

Before proceeding further, an attempt must be made to define the 
colloidal state. Roughly speaking, any substance can exist in the 
colloidal state when it is capable of being distributed throughout a 
medium in the form of particles which are not smaller than and 
not greater than 100 in diameter (see Table VI). Precise limita- 
tions in size cannot be defined, for they vary in different cases (see 
Freundlich, 1926). 


Table VI (from Freundlich, 1926) 


O-lfjL^ 1 fzfjL lOfxfjL 100 fifM 1 fM 10 p, lOOjLt Imiii. 

Ultramicroseopic region 

Microscopic region 

Particles show Brownian movement | 

No visible Brownian 
movement 

Particles pass through an ordinary 
filter paper 

Particles are held back by 
filter paper 

True 

solutions 

Colloid solutions 

Emulsions and suspensions 

< ifift 

1 pp—lQQ pp 

lOO/z/x—l mm. 


A useful example of a colloidal suspension is provided by metallic 
particles suspended in water; if metallic gold is liberated into water 
in the form of particles of approximately 25 in diameter, the 
colloidal solution which results is perfectly clear and red in colour; 
if the particles are 30/x/x in diameter the solution is blue. 

Roughly speaking colloidal systems can be classified into two 
groups. 

(1) Lyophob systems. These systems are commonly known as 
suspensions as they usually represent solid insoluble particles sus- 
pended in a fluid medium. Their properties are as follows: (i) the 
particles remain separate as long as there is a definite electrical 
potential between the surface of the particle and the medium; 
(ii) the sign of the surface charge depends on the hydrogen ion 
concentration of the medium; (iii) the magnitude of the charge 
depends on the nature of the other ions present; (iv) the stability 
of the particles is not affected by dehydrating agents or heat; 
(v) in concentrated suspensions the particles may adhere together to 
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form an elastic gel. Colloidal systems of this type may possibly occur 
within the living cell, although so far they have not received much 
attention; examples are provided by particles of insoluble calcium 
compounds or similar substances having little or no affinity for water. 

(2) Lyophil systems. In these cases the stability of the system is 
not always dependent on the presence of a surface electric charge. 
If the uncharged particles have a sufficiently high affinity for water 
the electro-neutral particles will remain separate from each other 
because each particle is insulated from its neighbours by an im- 
movable film of water. The addition of any reagent which has a 
higher affinity for water will, if sufficiently concentrated, dehydrate 
the particles and enable them to adhere together — alienee the term 
lyophil as applied to the hydrated particle. Such systems are upset 
by the presence of alcohol, concentrated neutral salts, and heat. 
Like lyophob systems, they can form elastic jellies if sufficiently 
concentrated. Most of the colloidal aggregates within a living cell 
belong to the lyophil type, and the proteins may be taken as the 
most obvious example. 

The r61e which the proteins play in the economy of the cell is 
partly determined by the fact that they are colloids — and partly by 
the fact that they are amphoteric electrolytes. These two properties 
are, however, closely associated with each other, for it will be seen 
that the factors which influence the stability of the proteins as 
colloidal systems also influence the ability of the protein to function 
as an acid or as a base. In practice a study of the colloidal systems in 
the living cell is simplified if we first consider the proteins as ampho- 
lytes and subsequently consider certain purely colloidal features. 

If the organic element of the protein molecule be denoted 
as R, its ampholytic powers can be represented by the formula 
H — R — OH. When the protein acts as a base it will ionise, as 
in equation (i), into negatively charged hydroxyl ions and into 
positively charged organic ions (HR*) 

H— R— OH ^ H— R* -h OH' (i). 

When the substance acts as an acid it will ionise into positively 
charged hydrogen ions and negatively charged organic ions. 

H— R— OH ^ H- + R— OH' (ii). 

Since both the acidic and basic powers of a protein are weak the 
presence of a strong acid or a strong base will materially affect the 
powers of the protein to give off hydroxyl or hydrogen ions of its 



36 


THE CELL AS A COLLOIDAL SYSTEM 


own. Thus in (i) the presence of NaOH will almost entirely prevent 
the protein from giving off hydroxyl ions, and the reaction will 
proceed from right to left. Hence under these conditions the only 
powers possessed by the protein are exercised as in equation (ii), so 
that the reaction will proceed as in (iii) : 

H— R— OH H* + ROH', 

Na— OH — Na* + OH', 

H‘ 4- OH' — H^O, 

or H— R— OH -f NaOH Na‘ T ROH' + H^O (iii). 

Similarly in the presence of a strong acid equation (ii) is suppressed 
and the protein only ionises as a base. It is obvious that under a 
particular set of conditions the tendency of the protein to give off 
hydrogen ions will just balance its tendency to give off hydroxyl 
ions and in this state the ionisation of the protein is at a minimum. 
This condition is known as the isoelectric point, for at this point the 
protein shows least tendency to move in an electric field. ^ 

A general proof that the main bulk of the intracellular proteins act 
during life as acids (i.e. are on the alkaline side of their isoelectric 
point) can be given as follows. If an animal tissue be suspended in 
a suitably balanced medium, such as Ringer’s solution, and the 
solution be acidified, the whole tissue becomes opaque when the 
acidity reaches an average value of about pH 3*0 and an examina 
tion under the microscope shows that intense intracellular precipita 
tion has occurred. If instead of acidifying the Ringer solution it be 
made abnormally alkaline the tissue tends to absorb water and re- 
mains translucent. Precisely the same experiment can be performed 
with albumen or other proteins in vitro and is due to the fact that 
whenever a protein is acting as an acid it can be removed from 
combination with a base by adding acid but not by adding an alkali; 
near the isoelectric point all proteins are readily precipitated by 
neutral salts, hence the precipitation which occurs in the cell or in 
protein systems in vitro. An interesting variation of this experiment 
consists in suspending a translucent tissue, such as the gills of 
Mytilus, in isotonic sugar solutions of varying acidities, in which 
case the tissue does not become opaque in any of the solutions 
although at or below its isoelectric point — ^the reason being that 

^ For an alternative account of ampholytic properties see Borsook and 
MacFadyen (1930). 
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neutral salts are required to effect precipitation. A parallel experi- 
ment with albumen can be carried out at the same time. 

It can readily be understood how intracellular proteins on the 
alkaline side of their isoelectric point must form an equilibrium with 
those ions Avithin the cell which bear an opposite sign. They are, in 
fact, extremely sensitive to the presence of hydrogen ions which, if 
present in sufSficient quantity, often cause visible coagulation. In 
both cells and protein systems in vitro the coagulative effect of 
inorganic acids is usually reversible as long as it has occurred in the 
presence of the salts of alkali or alkaline earth metals. If, hoAvever, 
the salts of heavy metals (e.g. mercury, lead, copper) are present, 
the resultant precipitate is only redissolved by alkali A^dtli great 
difficulty if at all. As will be shoAvn later, these principles underlie 
the process of fixation by salts of mercury or chromium, and depend 
mainly on the fact that proteins are ampholytic electrolytes. 

The true colloidal properties of the proteins are best illustrated 
by the action of heat or of alcohol. If a dilute solution of egg-AAdiite 
is boiled for a short time it changes from a clear transparent 
solution to one which is more or less opaque ; the change is irreA^ersible. 
An examination of the opaque system reveals the fact that it is 
essentially comparable to the dispersion of gold particles which has 
already been described. If a beam of light be passed through the 
solution it reveals a Tyndall effect and under suitable conditions the 
movement of the particles can be observed Avith the ultramicroscope. 
In the natural state these phenomena are not obserA'cd, they only 
occur after the albumen has been denaturated by boiling. At first 
sight the change from the natural to the denaturated state appears 
to be one of altered solubility. This is, hoAA^eA^er, not strictly true. 
If natural albumen could be dissolved in Avater in precisely the same 
manner as a typical crystalloid, it should be possible to prepare a 
saturated aqueous solution. This is not the case, AA^e can go on adding 
albumen to water and it goes into solution AAuth undiminished 
vigour; the process is more closely equiA^alent to mixing together 
two liquids which are miscible in all proportions. As aauII be shoAAm 
in a later chapter the miscibility of protoplasm and AA^ater is of 
considerable theoretical interest, but at the moment aa’c are still 
concerned with the effect produced on an albumen solution by heat. 
If we prepare two albumen solutions one of Avhich is neutral and the 
other slightly alkaline or acid, and heat them, only the neutral 
solution is found to yield denaturated albumen, for the acid or 
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alkaline solution remains clear and transparent. As already ex- 
plained, in the presence of acid or alkali the protein is present in the 
ionised state, whereas at or near neutrality most of the protein is 
present as unionised particles. There can be little doubt that heat 
only denaturates unionised protein. Why the unionised state is 
instable at high temperatures is not clearly understood, but it is 
usually attributed to the fact that each molecule is normally sur- 
rounded by a film of water which insulates it from its neighbours 
and prevents mutual coherence — at the same time keeping the mole- 
cule in a state of ‘solution’. If such a system be heated, the water 
film is ruptured and individual albumen molecules adhere to their 
neighbours in an irreversible manner — ^giving a denaturated sus- 
pension. Such a view is supported by the fact that undissociated 
sodium albuminate can be denaturated by adding to the solution 
any reagent with a higher affinity for water — e.g. alcohol. As agents 
of cytological fixation, alcohol and heat act to some degree by 
virtue of their power to rob the unionised protein molecules of this 
stabilising water film. Different proteins have slightly different 
properties, but there is a very large class which resemble albumen 
in that the stability of their unionised molecules depends on the 
presence of a water film — such colloidal systems are of course all of 
the lyophil type. 

Before proceeding to consider the technique of histological 
fixation, it is convenient to consider another aspect of the heat 
coagulation of albumen. As is well known, a concentrated solution 
of albumen, when heated, not only goes opaque but sets to form a 
solid gel which is stable on cooling. So far as can be seen, all 
colloidal systems can form gels if the number of particles present is 
large enough and if these have the power of adhering to each other. 
In the case of albumen no true gel is formed as long as the protein 
is ill the natural state, for the individual particles do not adhere 
together ; when, however, their water films are irreversibly destroyed, 
mutual cohesion is possible, and if enough albumen is present a gel 
is formed. Gels may, however, be heat reversible — such as those of 
gelatin, and the transition from the sol to the gel state may play an 
important role in the life of the cell (see p. 68). 

It will be noted that the stability of a natural protein can be 
upset in two ways — (i) by the use of reagents which affect the 
number of unionised particles present or which react with such 
particles to form lyophob precipitates ; (ii) by such agents as heat or 
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alcohol, which act directly on unionised particles or molecules. At 
this point we may consider the underlying principles of cytological 
fixation. 

Cytological fiocation 

The process of fixation consists in killing a cell in such a way as 
to cause a minimum change in its microscopic appearance. If a cell 
is subjected to undue manipulation in the unfixed state, death 
ensues and post-mortem changes rapidly destroy all organised cell 
structure. By the addition of a fixative intracellular compounds are 
rendered inert, so that the normal consequences of death are no 
longer observed and at the same time the physical consistency of 
the cell enables it to be cut into thin sections which will absorb 
suitable stains. Fixation is very largely an empirical process, for 
different types of cell give best results with different methods of 
fixation; at the same time all known fixatives with two exceptions 
(osmic acid and formaldehyde) are powerful protein precipitants. 

It has already been pointed out that most if not all intracellular 
proteins are on the alkaline side of their isoelectric point and there 
can be little doubt that, during life, they are largely combined with 
simple metallic bases to form partially ionised sodium or potassium 
proteinates. Compounds of this type are soluble in water or in salt 
solutions, and will form a homogeneous system as long as each 
unionised molecule is surrounded by a film of water molecules (see 
p. 85). When substances are added (e.g. alcohol) which can remove 
this water film the unionised proteins will be precipitated. There can 
be little doubt that this is the essential effect of cell fixation by 
alcohol. Fixation of this type is only applicable to very small or 
very thin cells; otherwise serious distortion takes place. Similarly, 
if the cell is heated beyond a certain temperature the molecules of 
sodium proteinate again lose their water films and are denaturated; 
at the same time all enzymes are destroyed. The more usual fixatives 
are, however, either acids, salts of heavy metals, or a mixture of 
these two reagents. In every case they operate by precipitating 
intracellular proteins in a chemically inert state. 

Hardy (1899) demonstrated that when a solution of a protein or 
a living cell is exposed to the action of a coagulative fixative, there 
must, from the nature of the process, ensue a separation of the protein 
systems into two phases, and that the final result depends more on 
the nature of the fixative than on the fundamental structure of the 
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original protein solution or of protoplasm itself. Ordinary white of 
egg, like living protoplasm, exhibits no optical structure, but both 
systems when treated with corrosive sublimate, potassium dichro- 
mate or heat, yield a distinct network of solid structure, the inter- 
stices of which are filled with liquid. The diameter of the meshes of 
this precipitated network varies with the nature of the fixative: 
osmic acid vapour yields a close network with meshes 0-5-0'7 p,, 
potassium bichromate yields meshes approximately l-3p, whilst 


a 



Fig. 8. Gut cells of Oniscus stained mth iron-haematoxylin after fixation with (a) 
corrosive sublimate, (b) osmic acid. Note the relatively coarse reticulum in the nucleus 
and in the cytoplasm of {a). (From Hardy.) 


corrosive sublimate gives a still coarser structure with meshes 1-7 fx 
in diameter. Hardy also made the interesting observation that when 
coagulation occurs within a protein system which contains small 
suspended particles, the latter orientate themselves at the nodal 
points of the network, so that their final position is not a true 
picture of the distribution throughout the original system; also the 
very presence of dispersed granules may alter the diameter of the 
mesh of the coagulated protein, a fact which has an obvious bearing 





Fig. 9 A. Normal living cell (1 a) before fixation, and (1 b) after fixation by 2 per cent, 
osmic acid. Note almost perfect preservation of microscopic form; very sliglit 
coagulation of nucleus and cytoplasm occurs. 



Fig. 9B. Normal living cell (3 a) before fixation and (3 b) after fixation with strong 
Flenmiing and acetic acid. Note change in outline of cells, but the fat globules and 
mitachondria are normal. 





Fio'. 9 C. Normal living' cell (5 a) before lixation, and (5 b) after lixatioii by corrosive 
sublimate. Note coalescence of fat globules, and loss of the finer processes at tlie cell 
surface. 



Fig. 9 D. Normal living cell (12 a) before fixation, and (12 b) after fixation by 4 per cent, 
neutral formalin. Note the preservation of all forms, together Avith fat globules and 
mitachondria. 
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on histological structure of granular cells. The eoagulative effect of 
different fixatives is well illustrated by figs. 9 A-D, which are taken 
from a recent paper by Strangeways and Canti (1927). The cells 
shown are from a culture of the choroid of a chick and are drawn 
on a dark background. 

Obviously the best cytological fixatives are those which stabilise 
the cell both physically and chemically, with a minimum alteration 
to its microscopic appearance. For this purpose osmic acid and 
neutral formalin are peculiarly useful, since except under high 
magnification their coagulating action is much less obvious than 
is that of other fixatives: unfortunately, neither osmic acid nor 
neutral formalin endows the cell with the physical consistency best 
suited for the preparation of serial sections. The precise effect of 
these two reagents on the physical properties of proteins is some- 
what obscure (see Mann, 1902). 

It is obvious that satisfactory fixation involves the coagulation 
of protoplasm in such a way as to form an elastic but solid gel — 
otherwise the visible cell structures would not remain in their 
natural positions. In practice the physical properties of this gel are 
of importance, for they determine how far it is possible to cut the 
cell into thin serial sections after impregnation with paraffin wax. 
A simple but effective demonstration of the gelation of protoplasm 
by fixation is provided by sea urchin eggs. A culture of Echin us eggs 
is divided into two parts and one of these is fixed by the addition of 
1 per cent, neutral formalin to the sea water. After a short time both 
lots of eggs are transferred from sea water to 31/2 NaCl solution. 
If the eggs are now gently crushed under a coverslip, the unfixed 
eggs will readily burst and their contents will flow out into the 
medium; the fixed eggs behave differently for, on crushing, they 
fracture much like small fragments of a gelatin jelly. 

Fixation can clearly be regarded as an empirical process whereby 
the labile systems in the cell are converted into a stable and gelated 
state suitable for subsequent histological treatment. From its very 
nature, fixation must result in the production of artefacts which can 
only be recognised by careful comparison between the microscopic 
appearance of the living cell and the pictures which we get of cells 
fixed by a variety of methods. Just as fixation involves the forma- 
tion of artefacts, so also dangers arise in the use of differential stains. 
Fischer (1899) investigated the effect of both fixation and staining 
on proteins in vitro and showed that the interpretation of the results 
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hitherto obtained with preserved cells required careful revision. The 
ability of a substance to absorb and hold a given stain is not only 
a function of its chemical constitution, but also of the size of the 
particles of substance exposed to the stain. Very clear examples of 
this are to be found in Fischer’s book Protoplasma; and reference 
to fig. 10 will show that a very slight change in technique may 
change the response of a cell to the same series of stains. A thorough 
knowledge of the chemical properties of different types of stains and 
of the circumstances under which they most readily combine with 
different types of substances would be of great value in cytology, 
but at present the chemistry of these processes is not sufficiently 
well defined to justify a departure from the empirical rules which 
will be found in most text books of microscopy. 

Heat coagulation of protoplasm 

Although fixation of cells by heat undoubtedly involves the 
irreversible coagulation of proteins in a denaturated state, a very 
simple experiment is sufficient to show that all effects of heat on a 
protein system are not necessarily due to this cause. If an aqueous 
solution of sodium mucinate be heated to boiling point no turbidity 
occurs. As long as the solution is cold, considerable quantities of 
calcium chloride can be added without affecting the transparency 
of the solution; on heating the mixture, however, a copious pre- 
cipitate rapidly forms. In such a system the effect of heat is not due 
to its action on the neutral protein molecules, but is due to the fact 
that it enormously accelerates the rate of formation of insoluble 
salts of calcium (see also p. 45). Such reactions of course only occur 
on the alkaline side of the isoelectric point. Reactions of this type 
are often overlooked and the coagulative effect of heat upon living 
cells has often been entirely ascribed to an irreversible heat coagula- 
tion of the intracellular proteins. 

From time to time authors have reported the isolation of proteins 
which in vitro coagulate at the temperature which effects coagula- 
tion in vivo. If this be the whole story it is curious that the general 
level of temperatures required for heat coagulation of proteins in 
vitro is higher than that required to kill the living cell by heat. 
Heilbrunn (1924) has pointed out that pure proteins do not usually 
coagulate below 50° C., whereas most animals die long before such 
a temperature is reached; this argument is far from conclusive proof 
that the coagulative effect of heat on protoplasm is not exercised 



1 and 2. Granules of albumen precipitated by 2-5 % potassium dicliromate solution 
and stained with Altmann’s acid fuchsin and picric acid. In 1 the acid fuchsin 
was applied before the picric acid. Note that the small granules acquire the colour 
of the latter stain. In 2 the granules were stained mth a mixture of the two stains. 
Note that the small granules are coloured by the fuchsin, although the centres of the 
large granules are coloured by the picric alcohol. 



3 4 

3 and 4. Granules of albumen (after fixation with Flemming’s fluid) stained with 
safranin and gentian violet. In 3 the safranin was used before the gentian violet, in 

4 the safranin was used after the gentian violet. Note that the small granules acquire 
the colour of the stain last used. 



5 

5 and 6. Nucleic acid precipitated by platinie chloride and stained with safranin 
and gentian violet. Inversion of staining effects as in 3 and 4. 

Fig. 10. Figures illustrating the non-specific nature of differential staining. 

(From Fischer.) 
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on the intracellular proteins. Heilbrunn is, however, of opinion that 
the heat coagulation of the eggs of Arbacia or Cumingia is due to 
an alteration in the state of aggregation of the fatty constituents 
of the cell. These eggs when exposed to 33“ C. can no longer be 
stratified with normal ease into three layers when subjected to 
centrifugal force ; this suggests that the high temperature has caused 
a marked rise in the viscosity of the protoplasm. By measuring the 
time of exposure to a particular temperature which is required to 
produce an arbitrary rise in viscosity, Heilbrunn was able to con- 
struct the curve shown in fig. 12 (see also p. 66seq.). 

A B 


\ 


Fig. 11. Stratification of intracellular materials by centrifugal force. A, Cimiingta 
egg before stratification. B, the same after stratification. Note the accumulation of 
fat granules at the ui^per pole. (From Heilbrunn.) 

It is important to note that the increase of viscosity precedes any 
other visible death change and that, for a time, it is reversible. The 
results of these experiments show that the relationship between 
coagulation time and temperature has the same superficial form as 
that obtained by Buglia (1909) for serum albumen, and the tem- 
perature coefficient is of the same extremely high order (about 1*5 
for each degree rise in centigrade). Heat coagulation of protoplasm 
is to some degree reversible, for, if the effect of the heat is not 
too intense, the resultant rise of viscosity is reversed on lowering 
the temperature. This phenomenon is parallel to the reversible heat 
rigor of plant protoplasm observed by Sachs (1864) and to the 
partially reversible heat rigor of frog’s muscle observed by Gotschlich 
(1898). Reversibility, according to Heilbrunn, is a characteristic of 
protoplasmic heat coagulation as opposed to that of protein systems, 
since in the latter it does not occur. In contrast to the typical 
proteins, the fats found in living cells liquefy at comparatively low 
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temperatures and many fat solvents are known to coagulate proto- 
plasm (Heilbrunn). Temperature has a direct effect on the fats in 
a sea urchin’s egg, since when heated cells are centrifuged (before 
coagulation has occurred) the fat, which settles to the lighter pole 
of the egg, is modified. Instead of being compressed into a very 
small cap at the pole of the cell, as in normal eggs, it is often found 
to be much more diffuse and, under certain circumstances, may not 
be visible. It looks as though, at high temperatures, the fats were 



Fig, 12. Graph showing the time of exposure to various temperatures required to raise 
the viscosity of marine eggs to an arbitrary figure. (From Heilbrunn, 1924.) 

more completely emulsified or even dissolved. Further, the coagu- 
lating effect of heat is hastened by the presence of a small concentra- 
tion (1 per cent, in sea water) of ether. Heilbrunn suggests that the 
upper limit of temperature in which a particular type of animal can 
live is determined, at least in part, by the melting point of its fats. 

These facts must be borne in mind when comparing the effect 
of heat on the coagulation of protoplasm and on simpler protein 
systems. At the same time, we are not justified in assuming that 
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the reversibility of the former marks it as something distinct from 
the latter. On general grounds, one would expect that the coagula- 
tion of a dilute colloidal sol would involve not an increase in viscosity 
but a decrease : it is only when there is sufficient protein present to 
eniesh the whole of the disperse phase and thereby form a compact 
gel, that one would expect heat to increase viscosit}^ and then one 
would expect the process to be extremely rapid. That such a process 
can take place reversibly in protein systems is shown by the following 
experiment performed by Ringer (1890). Freshly prepared casein 
was treated with lime water and after twenty-four hours was 
filtered. To 10 c.c. of the clear solution one drop of calcium chloride 
solution was added without apparently producing any change in the 
solution. On raising the temperature to TO"" C., however, the fluid 
rapidly became milky; on replacing the test-tube in iced water the 
fluid rapidly became clear again. If four drops of calcium chloride 
instead of one were added to 10 c.c. of cold casein solution there was 
still no change in the solution, but on warming, the solution quickly 
clotted, and on cooling, the clot dissolved and the milkiness dis- 
appeared. When the concentration of calcium chloride was increased 
to six drops, the fluid became slightly milky in the cold and on 
raising the temperature it clotted, and the clot was not completely 
dissolved on cooling. In some of Ringer’s preparations a cloudiness 
appeared at low temperatures, e.g. at 20° C., and these set to a jelly 
at 30° C. 

From the available data one is inclined to suspect that the 
action of heat on living protoplasm is much more complex than is 
the process of heat coagulation of simple protein systems. If the 
cell is heated rapidly to a high temperature the final result is irre- 
versible heat coagulation of the proteins in the cell, but before this 
occurs there will be a period during which the normal equilibrium 
in the cell is upset because reactions will rapidly occur between 
calcium ions and protein ions which normally only take place to a 
very limited extent. How far such changes characterise the period 
of reversible heat coagulation is uncertain. A further consideration 
of the effects of heat on the viscosity of protoplasm will be found 
on pp. 66-68. 

Proteins mid cell activity 

Leaving behind the simpler problems of heat coagulation and 
cytological fixation we may consider how far the behaviour of 
lyophil colloids in vitro throws real light on the activity of a cell 
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during its natural life. Unfortunately it is difficult to make much 
progress. Since the cell proteins are functioning as acids we may expect 
to find that the cell will be extremely sensitive to the presence of 
free hydrogen ions as these will tend to reduce the degree of ionisa- 
tion of the proteins themselves. This is in fact the case. Practically 
every biological activity in the cell is inhibited to some extent if an 
acid is allowed to penetrate into the cells. Mitosis, cell division, 
amoeboid and ciliary movement and respiration are all inhibited in 
a reversible manner by the application of acids. On the other hand, 
the powder of the cell to ‘buffer’ hydrogen ions is very great (see 
p. 86) and it may be doubted how far significant variations in 
general intracellular acidity actually occur in nature. Certain well- 
defined examples are available, however — ^notably the changes in 
equilibrium bet^veen the tissues, plasma and blood corpuscles which 
are effected by the carbon dioxide of respiration ; also the sensitivity 
of the respiratory centre to COg . 

From the general conception of the cell proteins one would also 
suspect that the cell should be sensitive not only to hydrogen ions 
but also to all other positively charged ions, and that it might be 
correspondingly insensitive to relatively low concentrations of 
anions. Such phenomena are actually observed; many cells are 
peculiarly sensitive to alterations in the concentration of potassium, 
magnesium and calcium in their surrounding medium, and are 
insensitive to changes in corresponding anions such as chlorides, 
nitrates or even sulphates. An example of this type is provided by 
the ciliated epithelium on the gills of Mytilus (Gray, 1922) (see 
Chapter VI). On the other hand, when we try to obtain such data 
from a variety of biological sources, the whole relationship of the 
cell to electrolytic ions becomes extremely obscure. The confusion 
which exists appears to be due to two main causes : (i) there is often 
considerable uncertainty concerning the degree to which a cell is 
permeable to an ion which is present in the external medium 
(see Chapter XIV); (ii) when an ion has entered a cell, its activity 
may be seriously affected in ways quite foreign to the direct action 
of the ion on protein systems in vitro. Ions in the cell may 
exert their effects at organised surfaces or interfaces which are 
absent in protein systems in vitro. We meet, once again, the difficulty 
arising from the very complex nature of the intracellular system. 
The first type of difficulty sometimes disappears when we are con- 
cerned with the effect of ions on the surface of the cell only, and in 
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such cases the cell reacts in a way remarkably parallel to inanimate 
protein systems. The second type of difficulty is constantly present 
but is likely to become less significant as one by one the intra- 
cellular variables are isolated. 

A priori, one would suspect the phenomena of antagofiistic ion 
action to be concerned with the equilibrium between metallic ions 
and protein systems, and to a significant extent this view is supported 
by experimental facts. There always remains, however, one out- 
standing difficulty. From a chemical point of view the equilibrium 
between proteins and potassium ions is very similar to the equi- 
librium between proteins and sodium ions, and yet the biological 
properties of the two ions are profoundly different. In some cases 
we may imagine that this difference is due to the differences in their 
rate of migration (see p. 398), but this cannot be regarded as of real 
significance in all cases. For example, the presence of magnesium will 
prevent the dispersion of the cell matrix in Mytilus tissue in a solu- 
tion of sodium chloride, but it will not prevent dispersion if potassium 
has replaced the sodium (see Chapter VI). The interrelationship of 
the various metallic ions presents difficult problems of this type and 
how far they will be solved by observations in vitro remains un- 
certain. The recent work of Simms (1928) is however highly sug- 
gestive. 

Electrokinetic properties of cells 

Just as the protein constituents of the cell appear to be responsible 
for some of the cruder reactions between cells and their electrolytic 
environment, so there is a marked parallel between the cell system 
and the proteins when these are exposed to the action of an external 
electric field. 

If a suspension of small cells is exposed to a suitable electric field, 
the cells all move to one or other electrode, just as is the case with 
the particles of denaturated albumen. We infer from this that the 
cells must bear an electric charge in respect to their surrounding 
medium. In almost every case, cells suspended in their natural 
media migrate to the anode and consequently must bear a negative 
charge in relation to these media. Red blood corpuscles, bacteria, 
yeast and spermatozoa, all move to the anode under normal cir- 
cumstances. A number of useful references will be found in Winslow 
and Fleeson (1925). 

It is of interest to consider the origin of this charge, how^ far it is 
dependent on the life of the cell, and how^ far the life of the cell is 
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dependent on the presence of the charge. In order to do this, it is 
necessary to consider the properties of surface charges in inanimate 
systems. It has long been known that where any solid is in contact 
with a liquid, the interface is the seat of a definite potential. If the 
solid is in the form of small particles and an external e.m.f. be 
applied, the particles will travel to the electrode bearing the opposite 
sign to that of the particles ; if the solid is not free to move, then the 



Fig. 13. The cataplioretic velocity (fi) of red blood corpuscles is directly proportional 
to the applied potential gradient. (From Abramson.) 


fluid medium will travel to that external electrode which bears the 
same charge as the solid. In the first case we speak of cataplioretic 
movement: in the second case the phenomenon is known as electiHcal 
endosmosis. 


By observing the rate of cataphoretic movement it is found that the 
electrostatic charge on a particle is a function of the nature of the particle 
and of the liquid medium 


P.D. 
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where rj is the viscosity of the medium, K is the dielectric constant of the 
surface la^^er, v is the velocity of migration in centimetres per second, 
and X is the potential gradient of the external field. Although we can, 
in this way, demonstrate a surface charge and measure its intensity, there 
is still considerable uncertainty as to its origin. Air bubbles, liquid drops, 
quartz particles, proteins, and living cells all exhibit a charge but it is by 
no means certain that the charge is strictly similar in origin in all these 
cases (Freundlich, 1926). In the case of the proteins, Wilson (1916) 
suggested that the charge is due to a Donnan equilibrium between the 
inside of the particle and its medium; v. Hevesy (1917), on the other 
hand, regards the particles as equivalent to large ions. That ions play an 
important role, there can be little doubt, since in their absence the surface 
charge falls to a very low value. On the other hand it is not easy to 
account for the charge on quartz particles or air bubbles by these 
Iiypotheses. It is probable that in some cases we are really dealing with 
two distinct potential differences — one being electrokinetic and the other 
thermodynamical in origin (see Freundlich, 1926). 

Whatever be the source of the charge on the particles, there seems 
little doubt that each particle wdll repel its neighbours electro- 
statically. Consequently, if the charge be abolished, the particles will 
adhere together more readily than when a charge is present. Ob- 
servations of this type have often been made. Hardy (1899) showed 
that denaturated proteins at their isoelectric point are very readily 
coagulated, and Powis (1914) showed that oil drops in aqueous 
emulsions adhere together as soon as the p.d. between the drops and 
the medium falls below 30 millivolts. In such systems the p.d. is 
seriously affected by the presence of neutral salts; consequent to 
the addition of neutral salts the p.d. falls, and if it is reduced below 
a critical value the particles are precipitated. Closely parallel with 
these phenomena are the observations of Northrop (1924) on bac- 
teria. Northrop found that typhoid bacteria, \vhen sensitised by 
immune serum, are completely agglutinated by a variety of salts 
when their surface charge falls below ±13 millivolts. 

As one might expect, the surface charge of particles or living cells, 
as measured cataphoretically, is very sensitive to the concentration 
of hydrogen ions present. Using red blood cells Coulter (1920-1) 
found that at pH 4-6 the charge is abolished — above that value the 
cells are positively charged and below that value the charge is 
negative in sign (see also Table VII). 

These results are, to some extent, what one would expect to find 
in any system, living or otherwise, where the surface of the particles 
is of a protein nature. Unfortunately they are the exception rather 
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than the rule in suspensions of living cells. In Northrop’s first series 
of experiments the bacteria were sensitised by immune sera. If this 
treatment be omitted no coagulation occurs, although there may be 
no measurable p.d. at the surface of the cell. To explain this fact, 
Northrop suggests that the ability of one bacterium to adhere to 
another must depend upon the cohesive forces of the surface layer. 
After abolishing the mutual repulsion due to the electrostatic charge, 
two bacteria will only adhere together after making contact if a film 



Fig. 14. Diagram showing the agglutination of B. typhosus when the p.d. falls 
below ± 13 millivolts, provided that the concentration of salt required to effect this 
change is not too great. (From Northrop.) 

with adequate cohesive properties is formed. Using non-sensitive 
typhoid bacteria, Northrop found that no coagulation occurred if the 
concentration of neutral salts required to reduce the p.d. to 13 milli- 
volts was greater than O-Olilf, and at the same time he showed that 
the salts in these concentrations definitely decreased the cohesive 
properties of the bacteria as estimated by their power of causing two 
glass surfaces to adhere together. In a later chapter (Chapter VI) 
it will be shown that the adhesive and cohesive properties of ceU 
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surfaces are undoubtedly affected by electrolytes, and that these 
reagents may play an important rdle in controlling the stability of 
the tissue. 

The effect of ions on the electrostatic charge and on the degree of 
dispersion of living cells has been extensively studied in the ease of 
bacteria (see Buchanan and Fulmer, 1928) and red blood cells. It 
is not easy to summarise the results, but in general the controlling 
factors appear to be strictly comparable to those which operate on 
protein particles. (1) As already mentioned the sign and magnitude 
of the charge is very sensitive to the presence or absence of hydrogen 
ions. (2) Neutral salts invariably reduce the charge whether this be 
positive or negative (Oliver and Barnard, 1924-5 &). If the cell is 
negatively charged the action of neutral salts depends upon the 
valency and specific nature of the cations present; if the cell is 
positively charged it is the anions which are effective. (3) If neutral 
salts are present beyond a limiting concentration they will exert an 
action which is antagonistic to flocculation although the surface p.d. 
may be reduced to zero ; such an affect may be due to their effect on 
the cohesive properties of the cell surface or be comparable to the 
dyophilic’ effect observable in protein systems (see p. 35). (4) In 
very large concentrations neutral salts may ‘ salt out ' the suspension 
— as is also the case with proteins. (5) In the case of trivalent 
metallic ions flocculation may be due to the cohesive effects of a 
deposit of metallic hydroxides on the surface of the cell (Gray, 1922). 

The correlation between surface charge and precipitation is not 
universally admitted ; Oliver and Barnard (1924-5 a) claim that there 
is an important difference between the surface charge of red blood 
corpuscles and that on particles of protein or collodion, since, when 
the latter are suspended in a solution of sugar at an appropriate 
the negative charge is permanent; the charge on red blood cells, on 
the other hand, is liable to be transient and may fall in a few 
minutes to a very low value and be followed by agglutination. 
An abnormal environment is always liable to induce irreversible 
changes within the cells and some of the effects of pH on the 
cataphoretic velocity of red blood corpuscles may therefore be due 
to changes which invariably precede death rather than to a com- 
paratively simple and reversible change in the ionic charge at the 
surface of a normal corpuscle (see also Abramson, 1930). 

We have still to consider how far life is dependent on the presence 
of a surface change and vice versa* In 1906 Cernovodeanu and Henri 
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obse rved that the spores of certain moulds in the presence of acid 
miffrated to the cathode instead of to the anode, indicating that a 
reversal of charge had occurred; at the same time the spores were 
caj)abie of subsequent growth. More recently Russ (1909) and 
Winslow, Falk and Caulfield (1923) have shown that the effect of 
the hydrogen ion on the cataphoresis of bacteria is unaffected bv 
killing the cells. 

Table VII 


Electrophoresis of bacteria at different hydrogen ion concentrations. 
(From Winslow, Falk and Caulfield) 


pll 1-0 ]-5 2-0 e-O 3*3 

3-7 

1 5‘5 6'8 

7-2 

7-3 

7*7 

9-6 

10-0 

Vdoeity uf 0 , -2-S ; -2-5 ; -1-9 j -1*8 

• Vj'rfT itJcjrj in' 

-S-9 

-9-7 : -7-2 

-10*6 

--10-3 

-10-3 

-8-7 

-lO'O 

. |;er see. ' ' , j 

i 








-- indieutes niigration to cathode. - indicates migration to anode. 


It would appear therefore that the observed p.d. at the cell surface 
when measured cataphoretically is not to be attributed to the vital 
activity of the cells, but is comparable to that found on the surface 
of protein particles. We seem forced to conclude that the surface 
charge of a living cell is not dependent on the living processes of the 
eel!. How far the reverse is true is less easy to say. If we reduce the 
surface charge to zero we come dangerously near to killing the cell, 
ijut the general impression given by all the facts is that the surface 
charge on a cell is not so much associated with the life of a cell as 
^^th the fact that the surface is of a protein nature. 

Northrop has made the interesting suggestion that the abolition 
of electrical charges at sin-faces within the living cell may be corre- 
lated irith certain types of biological activity. In many biological 
1 tactions there is a definite latent period between the inciting cause 
and the response, and it is therefore of interest to note that in those 
cases V here colloidal stabilit}’ is solely dependent on surface charges 
tuere Is often a long delay before coagulation is complete, although 
the P.D. at the surface may have been almost instantaneously re- 
duced to zero. By assuming that the uncharged particles cannot 
s^arate from each other when once they are in contact, Smoluchowski 
t enved a formula which inll express the course of coagulation with 
considerable accuracy : 


-w, 
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where Vq is the number of particles at the beginning of the coagula- 
tion, SF the number at time t, D is the diffusion coefficient, and 
r is the distance apart at which the particles attract each other (see 
also Freundlich, 1926). It will be noticed that equation (v) is 
similar to that of a bimolecular reaction. Northrop suggests that 
such phenomena may underlie the so-called ' latent period charac- 
teristic of the responses of living organisms. It would be interesting 
to know how far coagulative processes of this type are applicable to 
the deposition of solid materials within the cell and in the formation 
of organised structures such as chromatin granules and similar 
bodies. At present we have no positive evidence; it would be 
difficult but not impossible to obtain. 

It should, perhaps, be noted that the electrical potential between 
the surface of a cell and its surrounding medium is not the same thing 
as the electrical potential between the cell surface and the interior 
of the cell; we shall be concerned with the latter in a later chapter. 
The only comparable phenomenon to cataphoresis which we need 
consider here is the electrical endosmotic properties of living mem- 
branes. The rate of flow of fluid through a charged membrane 
depends fundamentally on the same factors as influence the cata- 
phoretic movement of discrete particles. If = the volume of fluid 
transported in unit time across the membrane, k = dielectric 
constant of the solution in the membrane pores, a = specific re- 
sistance of the solution in the membrane pores, rj = viscosity 
coefficient of the solution, I = electric current traversing the mem- 
brane, ^ == electrokinetic p.d. between the walls of the membrane 


and the fluid, then 



(Vi). 


In other words for any given solution of constant conductivity and 
viscosity, the amount of water moved in unit time in a constant 
field will be directly proportional to the surface potential between 
the membrane and the external solution. 

Using mammalian serous membranes Stuart Mudd (1924-5) found 
that liquid streams through living membranes towards the cathode 
of an electric field as long as the pH of the fluid is on the alkaline 
side of a definite critical value. If the solution is more acid than this 
value, the direction of flow is reversed. Usually the critical value 
lies between pH 4*3 and 5*3. Apparently the eleetro-endosmotic 
properties of the membrane is unaffected by the death of the tissue. 
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These observations obviously conform to those obtained from the 
cataphoresis of isolated cells. 

How far the potential differences naturally set up within a living 
organism are sufficient to cause the movement of fluids or isolated 
cells is uncertain, but an interesting suggestion has recently been 
made by Abramson (1928). This author has shown that quartz 
particles move cataphoretically through soft gelatin jellies with the 
same velocity as through liquid sols. Since the wall of a blood 
capillary is very thin a comparatively small difference in potential 
on the two sides might be sufficient to move a leucocyte across the 
gelated wall just as an externally applied field will draw the cell 
through a soft gelatin jelly. Assuming that the side of a capillary 
wall in contact with an injured region of connective tissue is electro- 
positive to the blood stream, the rate of cataphoretic movement will 
depend upon the magnitude of this p.d. and will be of the order of 
0‘5fi per sec. per volt per cm. Since a drop of potential of 1 millivolt 
across a membrane 0*5 }i thick is equivalent to 20 volts per cm., it is 
quite possible that bio-electric potentials may exert within a living 
organism a well-defined cataphoretic influence on isolated cells. 
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CHAPTER FIVE 


The Physical State of Protoplasm 

At first sight it would appear a simple matter to determine whether 
cytoplasm is a solid or a liquid, and yet the data available for such 
a decision are far from complete. In some cases living cytoplasm 
clearly possesses one typical liquid property; it is capable of flowing 
from one place to another in the cell. Young plant cells, Amoebae, 
and the Myxomycetes all exhibit active flowing movements in their 
cytoplasm. In all these cases, however, the power to flow vdtliin the 
cell alters reversibly from time to time in response to changes within 
the cell or in the external environment. One of the most striking 
instances is that described by Seifriz (1923-4) in the protoplasm of 
the hyphae of Rhizopus, ‘The protoplasm, in the streaming state, 
has a “rather low consistency By pressure with a microdissection 
needle (sufficient completely to close a hypha), this streaming 
protoplasm of low viscosity may be caused instantly to assume the 
consistency of a rigid gel. Streaming ceases; but later, without 
further disturbance, there is a reversal of the phenomenon and the 
protoplasm becomes liquid again. If a hypha is torn open when the 
protoplasm is in the fluid condition, the contents immediately 
steadily flow out of the hyphal thread. If a hypha is torn open when 
the protoplasm is of high consistency, the gelled protoplasmic mass 
can be forced out of the hyphal thread by pressure wnth a needle, 
just as one would squeeze oil paint from an artist’s tube. The exposed 
rod of protoplasmic jelly free from its supporting wall, retains its 
cylindrical shape in the surrounding aqueous medium for some 
time’(p. 487). These and similar changes are attributed by Seifriz 
to a reorientation of structural protoplasmic units and analogous to 
the mechanical breakdown and reformation of inorganic systems, 
such as the iron oxide gel described by Schalek and Szegvary (1923), 
or the cadmium gel described by Svedberg (1921, 1928). If left 
undisturbed these systems set to form gels which, on mechanical 
agitation, rapidly lose their rigidity and are transformed into typical 
fluid sols. 
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Yariability in the consistency of plant protoplasm is also well 
illustrated by the observations of Scartli (1927). Using the mesocarp 
cells of the siiowberry [Symphoricarpus racemosus) it can be shown 
that the protoplasmic strands Avhich traverse the central vacuole 
vary in their physical properties from time to time in one and the 
same cell. At times the strands are inextensible, so that on slight 
stretching they suddenly snap across in a manner comparable to 
the fracture of a solid thread. Yet, almost immediately, the 
fractured ends begin to flow into the parietal cytoplasm. At other 
times these threads are the seat of active streaming movements, 
and in this condition they are highly extensible, and can be pulled 
into threads of less than 1 /x in diameter : at the same time the threads 
are elastic. A striking experiment, which could probably be per- 
formed on a variety of protoplasmic materials — ^was performed by 
Scarth. A needle was pushed through a rapidly moving strand in 
a cell of a staminal hair of Tradescantia. The viscid cytoplasm was 
carried out as a film over the point of the needle as it emerged on 
the other side. The stream banked round the obstruction and the 
motion was temporarily checked on the down-stream side but soon 
recovered its speed as the pent-up material started to flow round 
the obstacle. On moving the needle backward and forward in the 
axis of the strand the respective portions of the latter lengthened 
or shortened elastically with little or no slip of the needle. Stream- 
ing therefore is compatible not only with high viscosity but with 
definite elasticity. 

Objections may be raised against the association of protoplasmic 
viscositj^ and the rate of intracellular streaming, since we do not 
know the mechanism responsible for movement, nor do we always 
know that the rigidity of the protoplasmic mass is not attributable 
to the surface layer rather than to the protoplasm as a whole. In 
some cases we can meet this objection by observing the Brownian 
movement of cell inclusions, since the magnitude of this movement 
is inversely proportional to the viscosity of the medium. 

Brownian movement has been observed within living cells by numerous 
observers; of these perhaps the most I'ecent are Gaidukov (1910), 
Leblond (1919), Bayliss (1920) and Heilbrunn (1928). The movement is 
recognisable in particles whose diameter does not exceed 4/x. As the 
particles decrease in size an irregular trembling motion about a fixed 
position is replaced by an irregular dancing movement which involves 
displacement in space (see Freundlich, 1926, p. 345). The movement 
doubtless due to the bombardment of the particle by molecules of the 
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siiiTOiindino' medium, for on this assumption the phenomenon has received 
peculiarly adequate quantitative analysis by Einstein, Smoliichowski, 
and Perrin. The nature of the movement is independent of the nature 
of the particle, but is influenced by the size of the particle and by the 
viscosity of the outside medium (see Freundlich, pp. 341-59). 

Owing to the irregular nature of the motion it is impracticable to 
follow each displacement, but, as Perrin and Chaudesaiques have shown, 
the mean horizontal displacement during a period of time can be calcu- 
lated from Gauss’s theory of errors— so that the square of the iiieaii 
displacement is proportional to the time of observation. Einstein’s 
formula for horizontal displacement (f ) is 


^ V SttA 


.fvii), 


Rn 

STrA^rjr 

where t = time, and rj = the viscosity of the medium surrounding a 
particle of radius r. 


A preliminary attempt to calculate the viscosity of protoplasm 
from the rate of Brownian movement has been made by Heilbrunn 
(1928). Using Arbacia eggs Heilbrunn calculated the time required 
for a redistribution of egg granules which had been aggregated 
together by centrifugal force. Hf one tries to estimate the time 
required for the first granules to reach the pole of the egg farthest 
from the hemisphere to which they have been centrifuged, one finds 
that no exact measurement is possible.^ The time seems to be more 
than half an hour and less than an hour. This w’ould indicate a 
viscosity between 2-87 and 5*75 times that of water, or roughly 
about four times that of wmter.’ It is obvious from equation (vii) 
that unless the size of the particle is known the mere observation 
of Brownian movement within a cell gives us no real evidence 
concerning the viscosity of the cell matrix. On the other hand, it 
would not be possible to detect movement of microscopic particles 
within a medium whose viscosity was comparable to that of a rigid 
gel. Lewis (1923) has observed Brownian movement within smooth 
and striated muscle cells, which indicates that their internal vis- 
cosity is not as high as might otherwise be supposed. 

Baas Becking, Sande Bakhingzen and Hotelling (1928) have 
considered in more detail the possibility of establishing a satisfactory 
estimate of protoplasmic viscosity, by the use of Einstein’s equation. 
The material used was Spirogyra and the method consisted in 
recording the displacements of a single particle ha\dng a diameter 


^ Recent observations indicate that more accurate measurements can be 
made with the eggs of Sabellaria (Cox and Harris, unpublished results). 
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of approximately 0-4^. Camera lucida drawings were made at a 
uniform magnification of x 2100, the position of the particle was 
recorded on co-ordinate paper every fifteen seconds. The method 
is not without its difficulties, for it is hardly practicable to concen- 
trate the eye on an individual particle for more than 180 seconds. 
Compensating for the difficulty in obtaining more extensive data is 
the fact that the standard errors of the observed data appear to be 
satisfactory. A more serious source of error is involved in measuring 
the diameter of the particles. The results obtained reveal the 
significant fact that the apparent viscosity {r]) is not constant even 
when tracings were made at the same spot fifteen seconds apart: 
thus at 10® C. the following values for rj were obtained: 

0*052; 0*078; 0*052; 0*111; 0*250; 0*058; 0*062; 0*132; 0*048; 0*058. 

At 10® the maximum value observed in all experiments was 
0*472 and the minimum 0*022 (water = 0*01). Becking and his 
associates assume that these fluctuating values are due to the fact 
that protoplasm is essentially heterogeneous and in different regions 
and at different times offers different degrees of resistance to Brownian 
movement. This conclusion is justified as long as there has been no 
change in the effective radius of the moving particle. In some 
inanimate systems the degree of Browmian movement undergoes 
marked changes by variation in the layer of water immediately in 
contact with the particle. In suspensions of ‘ bentonite,’ each particle 
may, under certain conditions, become surrounded by an immobile 
layer of water molecules which increases the effective radius of the 
particle and thereby inhibits Brownian movement (Hauser, 1929). 
It is not impossible that changes in hydration may occur at the 
surface of intraprotoplasmic granules, and if this be the case it is 
obvious that changes in the activity of Brownian movement will 
not be a reliable index of changes of protoplasmic viscosity. 

Perhaps the most significant deductions from the nature of 
Brownian movement mthin living cells are those which refer to an 
alteration in viscosity under different physiological conditions. In 
such eases the same series of granules are observed, so that any 
decrease in the activity of their motion may be attributed to an 
increase in protoplasmic viscosity, as long as there is no change in 
the hydration of the particles. Thus van Herwerden (1925) noted 
that Brownian movement ceased in the leucocytes of man on 
exposure to saline containing 0*1 per cent, acetic acid, and that it 
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was resumed on removing the acid. Bayliss (1920) reported a 
correlation between Browmian movement and pseudopod formation 
in Amoeba — but this does not appear to have been confirmed. 

If the viscosity of protoplasm is liable to undergo drastic and 
rapid changes it is not easy to form any quantitative conception of 
the process, since any direct determination of viscosity occupies a 
considerable period of time. Whilst such changes doubtless occur 
in many cases, there are cells in which the average viscosity at 
successive moments does not appear to vary very significantly, and 
in these cells some indication of absolute viscosity can be obtained 
by means of a centrifuge. By this means visible intracellular 
granules can be subjected to a force (greater than gravity) which 
tends to move them through the protoplasmic matrix at a rate which 
can be measured and which is related to the protoplasmic viscosity 
by means of Stokes’ Law. 


Fatty layer 



Fig. 15. Centrifuged egg of Arbacia showing stratification into four regions. 
Egg centrifuged for two minutes under 6400 gr. (After Lyon.) 


The best known experiments of this type have been performed 
with the eggs of sea urchins. Lyon (1907) found that after exposure 
to a suitable centrifugal force, the eggs of Arbacia could be stratified 
into four distinct layers, one of which was perfectly clear and which 
alone had an affinity for cytoplasmic stains. It is in this clear 
hyaline zone that the mitotic figure subsequently develops, so there 
can be no reasonable doubt that it contains the essential elements of 
normal cytoplasm. It is particularly important to notice that after 
such drastic treatment the eggs can be fertilised and develop 
normally. It may therefore be concluded that the normal cytoplasm 
of the egg is not destroyed by experimental procedure. 
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More exact information concerning the fluidity of protoplasm is 
available from the work of Heilbrunn (1926 a-c). This author has de- 
termined the viscosity of the cytoplasm in the eggs of Arhacia and 


Cumingia by the application of Stokes’ Law as modified by 


ham (1910). 

2cg{ar-p)a^ 

9qr} 


Cunning- 

..(viii). 


In this formula (viii) V is the speed at which the granules travel 
through the cytoplasm under a centrifugal force of eg absolute units, 
where g is the gravity constant; a is the specific gravity of the 
granules, p is the specific gravity of the cytoplasm itself; a is the 
radius of the granules, and rj is the coefficient of viscosity of the 
cytoplasm; g is a factor which allows for the fact that in the cell 
there are not only a large number of granules present but that there 
is also a material displacement of cytoplasm as the granules travel 
through it. It is obvious that a measurement of V, c, a, {a — p) and 
q will enable p to be calculated. 

As pointed out by Heilbrunn (1928) Stokes’ Law in its usual form 

T/_ . 

97^ 

involves certain assumptions which are far from true in the case of 
centrifuged cells. The law assumes that the volume of the surrounding 
fluid is infinite, but when the movement of spheres occurs within a 
cylindrical column of fluid of limited volume the observed velocity (r) is 
higher than is accounted for by the true viscosity of the fluid. Applying 
Ladenburg’s (1907) correction for this factor gives 

2g{a-p)a^ 

where E = radius of the cylinder and L = its length. The application of 
this correction to Heilbronn’s (1922) figures for the protoplasm of Vida 
faba indicates that the uncorrected values are 20-30 per cent, too high. 
Again, if a large number of particles are present, the process of sedi- 
mentation is accompanied by a return flow of liquid, and this flow is 
affected by the presence of the numerous granules. Cunningham (1910) 
introduced a factor q, which must be applied where intracellular granules 
are numerous as in a sea urchin’s egg, 

V = 

9q7j ’ 
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where q depends the radius of the particles {a) and on their distance 

/#& . 

apart {h). If \J is not less than 2-3, q is not very signihcantd 

In all Heilbrumi’s experiments c had the value 4968; the average 
time for stratification in Arbacia eggs was forty seconds and the 
average distance travelled was 48 ju, so that V= 0-00011 cm. per 
sec. The radius of the granules was determined by a scale micro- 
meter and found to be 0*16^ or 0-000016 cm. The specific gravity 
of the granules was determined by shaking the eggs to pieces ; the 
resultant suspension was then centrifuged into sugar solutions of 
varying specific gravity to find a solution in which the granules just 
pass to the bottom of the solution. The value of <7 so found was 
1-10353. The value of p can be found from o- and the specific 
gravity of the whole egg, and was found to be 1-03583, so that 
(<7 - p) == 0-06770. Cunningham’s factor, as calculated from the size 
of the granules and the distance they are apart from each other, was 
found to be 10*54. By substituting these values in equation (viii) 
7 ] is found to be 0-01830; the viscosity of water at the same tempera- 
ture is 0 - 01 , so that the protoplasm of the sea urchin’s egg is, 
according to Heilbrunn, only 1-8 times that of water. For the proto- 
plasm of Cumingia eggs Heilbrunn obtained a coefficient of viscosity 
four times that of water. These figures show that egg protoplasm is 
very much less viscous than olive oil or glycerine. 

On the other hand, the application of these principles to the 
cytoplasm of Paramecium indicates that the viscosity is from 8027 
to 8726 times that of water (Fetter, 1926). In these experiments the 
particles which were driven through the C 3 ’'toplasm were either of 
iron or of starch, so that their specific gravity was known fairly 
accurately, and no correction was necessary for Cunningham’s 
constant. Fetter suggests that the high value exhibited for Para- 
mecium is due to the fact that a fibrillar neuromotor apparatus is 
present, which would oppose movement on the part of enclosed 
granules. 

Heilbrunn’s experiments with animal cells give results which are 

^ According to Kermack, M’Kendrick and Ponder (1929) the rate of faU of 
a particle under gravity in the presence of other particles is given by the 
equation 17 - U'o (1 - 

where Uq is the rate of fall of an isolated particle in a large volume of fluid, 
the value of which is given by Stokes’ Law, ^ is the volume of suspended 
particles per unit volume of the suspension. 
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ill keeping with those obtained by Heilbronn (1914) with plants. 
Using natural starch grains as moving particles, Heilbronn observed 
the velocity of fall within the cells of a section of Vida f aba, and 
concluded that the protoplasmic viscosity was less than eight times 
that of water. More recently the same author (1922) has estimated 
the viscosity of niyxomycete plasmodia by introducing a small iron 
rod into the protoplasm and observing the number of amperes 
which must be passed through an electromagnet to rotate the rod. 
By a comparison of this current strength with that required to 
rotate the same rod in water, Heilbronn concluded that the proto- 
plasm was fifteen to twenty times as viscous as water. In absolute 
units the viscosity of the protoplasm in the aethalia of Reticnlaria 
lycoperdon varies from 0*165 to 0*185, and that of the plasmodia of 
Badhamia iitricularis from 0*095 to 0*105. Similar experiments have 
been performed by Seifriz (1923~4) on animal cells. Small nickel 
particles were introduced into the eggs of Echinarachnius and the 
velocity of movement in an electromagnetic field of known strength 
was determined. Seifriz concluded that the protoplasmic viscosity 
approached that of pure glycerine (800 times that of water) — 
a figure considerably higher than that reached by Heilbrunn. 
The particles used by Seifriz were 16 /x in diameter and one of 
these was placed inside an egg of Echinarachnius by means of a 
microiieedle. The pole of an electromagnet was then brought up to 
within 1 mm. of the egg. As soon as the magnetic field w^as estab- 
lished 'the particle immediately rushed across the central region of 
the egg towards the magnet and came to a standstill a short distance 
from the surface of the egg membrane b On bringing the magnet to 
the other side of the cell a similar phenomenon at once occurred. 
These facts indicate that the surface of the egg (1/10 of its diameter) 
possesses considerable rigidity and is fairly sharply marked off from 
the central fluid cytoplasm. By comparing the rate at which a 
nickel particle travels through pure glycerine of known viscosity, 
Seifriz concluded that the viscosity of cytoplasm was only slightly 
less than that of this liquid, viz. 800 times that of water. He claims 
that this result harmonises with his previous estimate — based on 
microdissection technique — of the cytoplasm of Tripneustes and 
Echinarachnius. 

It is of interest to note that fluid protoplasm is not elastic, and 
that its apparent viscosity is independent of the rate at which 
included particles move under the influence of centrifugal force 
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(Heilbrunn, 1928). If protoplasm possessed an organised structure 
^Yllich was destroyed by the centrifuge, the rate at which particles 
would move would be greatly reduced when the applied force was 
low. It would be interesting to apply this principle to Paramecium 
(see above). 

Although some doubt may be entertained as to the exactitude 
with which Stokes’ Law or Einstein’s equation can be applied to the 
niovemeiit of intracellular granules, there can be no question that, 
in most cases examined, living protoplasm must be looked upon as 
essentially fluid and not solid : in other words as a colloidal sol and 
not as a colloidal gel. 

Table VIII 


Centrifugal force 

Viscosity of 
Cummgia eggs in 
arbitrary units 

310-5 

3-5 

552 

3-r 1 

1242 

3-5 

4968 

3-0 

i 


The terms sol and gel, first used by Graham, are not equally easy to 
define. The term sol is usually applied to a colloidal system in which 
particles of a solid (or a second liquid) are suspended in a continuous 
phase of liquid ; in other words the solid or liquid disperse phase is present 
in a continuous phase of liquid. In a gel the continuous phase is either 
a sol or possesses rigidity, while the dispersed phase is liquid. Under 
the term gel, Graham included not only jellies such as gelatin or silicic 
acid but also gelatinous precipitates. More recently the term has been 
applied to colloidal systems which possess the properties of shape and 
of cohesion, and which are elastic. How far the elastic ‘sols’ described 
by Hatschek (1913) should be included under gels seems uncertain. For 
the present purpose, however, it is possible to regard a 2 per cent, jelly 
of gelatin as a typical gel, and it is of interest to note that its coefficient 
of viscosity is 30,000 times that of water even before gelatinisation 
is complete. 

The significance of these facts is obvious. All biological concep- 
tions of protoplasm are essentially those of a highly complex and 
heterogeneous system, since cytoplasmic differentiation undoubtedly 
exists (see p. 88). Nevertheless, this highly organised state must 
exist within a system whose constituent elements are free to flow 
over each other with not much more difficulty than the molecules 
of water. 
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The effect of temperaUi7'e on protoplasinic viscosity 

The accurate determination of protoplasmic viscosity is of funda- 
mental importance not only in respect to the physical state inside 
the cell, but in respect to the changes induced in the cell by changes 
in temperature. Chemical reactions which take place in a homo- 
geneous medium obey with reasonable exactitude Van’t Hoff’s law 

djlogek) __ . 

u 

or, as it is more usually expressed, the velocity of the reaction is 
increased by a constant multiple (between 2 and 3) for each suc- 
cessive rise of 10° C. No biological reaction in vivo obeys this law, 
but each successive rise in temperature decreases the value of the 
temperature coefficient. At low temperatures a rise of 10° C. may 
increase the velocity of the reaction tenfold, whereas at higher 
ranges a similar rise will only produce an increase of 1*5. The reason 
for this discrepancy is not known, but it is possible that in dealing 
with the chemical reactions which occur in a heterogeneous system, 
such as protoplasm, the viscosity of the continuous phase should be 
taken into account, see Belehradek (1930) and Stiles (1930); before 
this can be adequately investigated it is necessary to know the 
absolute viscosity of the c}d;oplasm and how it varies with changes 
in temperature. 

The effect of temperature on the viscosity of protoplasm has been 
investigated by Weber (1923), Heilbrunn (1925), Pantin (1924), and 
Becking (1928) and the results are not altogether consistent. 
According to Heilbrunn (1925) the eggs of Cumingia show a well- 
marked maximum ^uscosity about 15° C., and other maxima at 1° C. 
and at 31° C. (see fig. 16). 

Similar results appear to have been obtained by Heilbronn (1922) 
using the protoplasm of Myxomycetes, although the variations 
observed were less marked. According to Pantin (1924), however, 
the viscosity of the c}i:oplasm of Nereis eggs falls steadily with rising 
temperature as is the case with non-living systems (see fig. 17). 

The peculiar maxima observed by Heilbrunn ma^^' conceivably be 
due to secondary changes in physical state which in turn affect the 
viscosity. For example, the apparent viscosity would be materially 
altered by such reactions as are described on p. 45, where in- 
creasing temperature alters the equilibrium between proteins and 
calcium ions. Weber (1923) on the other hand suggests that the 
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Temperature 

Pig. 16. The effect of temperature on the viscosity of the egg-protoplasm of Cumingia. 
Note the maxima at 1°, 15°, 31°. The viscosity was measured by the time required 
to statify the protoplasm under a constant centrifugal force. (From Heiibrunn, 1925.) 



g, 17. Curve showing relative viscosity of egg protoplasm of Nereis at different tern* 
peratures. The curve is the mean of eight experiments. (From Pantin, 1924.) 
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viscosity of protoplasm can be ' regulated’ by the cell by an un- 
defined mechanism. It is interesting to note that if the figures given 
by Pantin are applicable to protoplasm in general, and are used as 
a correction for the value of the temperature coefficient of a cell’s 
activitj" — then the three main types of protoplasmic movement 
(amoeboid, ciliary, and muscular) are all characterised over almost 
their complete temperature range by a coefficient of the same value 
(see Pantin, 1924, p. 33). 

The effect of temperature upon protoplasmic viscosity has been 
studied by Becking and his associates (1928). Calculating rj from 
observation of the displacements of a particle in Brownian movement 



Fig. 18. Graphs showing the effect of temperature on the viscosity of 
protoplasm. (From Baas Becking, 1928.) 

in the protoplasm of Spirogyra, they observed a maximum viscosity 
at 27° C. These results are apparently comparable to those of Heil- 
brunn (see fig. 18), and indicate that temperature may affect the 
viscosity of protoplasm in ways which are not observed in homo- 
geneous systems where increasing temperature always reduces the 
viscosity and never increases it. 

The gel and sol state 

We have already noted that, in certain cases, the consistency of 
protoplasm may undergo marked changes in response to external 
stimuli. At one moment we may observe active streaming or 
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Brownian movement, whereas a moment later all visible motion 
ceases and the protoplasm no longer exhibits any obvious liquid 
properties. Such sudden and reversible changes in physical state 
are well-known characteristics of some colloidal systems. The best 
known example is, of course, gelatin. A 2 per cent, solution of gelatin 
below 15° C. has the properties of a fairly rigid but elastic jelly, 
above this temperature it is clearly a liquid capable of flow. A heat 
reversible ‘gel’ of this type is, however, not of great interest from 
a biological point of view, since the heat coagulation of protoplasm 
is of a totally different nature. On the other hand, considerable 
importance must be attached to those colloidal systems whose 
physical state depends on factors other than temperature. Of these 
fectors the best known is mechanical agitation. Freundlich and 
Seifriz (1923), when investigating the viscosity of 0-85 per cent, 
solutions of gelatin, found that the rate of fall of a small shot through 
a narrow column (80 cm. in length) fell rapidly with successive trials 
from 22 seconds to 8-6 seconds. It looks as though the passage of the 
shot gradually cut a free passage through a system which under nor- 
mal conditions possesses a definite and somewhat rigid structure. 
Parallel to this are the observations of Schalek and Szegvarv (1920) 
who prepared elastic jellies of iron oxide which, on mechanical agita- 
tion, yielded a thin sol ; these, on standing, resumed their original 
state of gelation. Even more marked were these phenomena when 
observed by Svedberg (1928) in suspensions of metallic cadmium in 
alcohol. It will be noted that in these cases the gel structure only 
exists when the system is free from agitation: when the gels are 
shaken the sol condition results. Comparable phenomena in bio- 
logical systems are difficult to find, but may possibh" occur within 
the pseudopodia of Actinosphaerium as described by Verworn (1889 ). 
The long rigid filaments of the quiescent pseudopodia immediately 
begin to flow on mechanical agitation. It has already been mentioned, 
however, that there is no evidence of an elastic or rigid structure in 
the protoplasm of marine eggs (see p. 65), for in these cases the 
apparent viscosity is independent of the rate of shear. As a rule, 
protoplasm appears to represent the converse state to mechanically 
instable gels, for stimulation results in an apparent loss of the liquid 
state and the acquisition of the gel condition. Clear examples of 
this type are provided by Badhamia and other Myxomycetes (see 
p. 57). Similar phenomena are not unknown in inanimate systems; 
solutions of ammonium oleate are clearly elastic when in a state of 
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agitation — although they are inelastic when at rest (Seifriz, 1925). 
If several c.c.’s of oleic acid are added to 100 c.c. of 5 per cent, 
ammonia solution whilst rotating in a flask, an exceedingly elastic 
and viscous gel results. As soon as rotation ceases, this elasticity is 
lost within a few minutes, and the viscosity becomes so low that it 
will not support a nickel particle 10^6 in diameter. On reshaking, 
the elastic state is regained. 

The physical phenomena underlying the transformation of the sol 
to the gel state and vice versa are very incompletely understood*. 
Presumably in the gel state there exist forces of cohesion between 
individual particles which are absent in the sol state: it is not 
difficult to see how gelation is effected whilst at rest, since even 
if cohesion is effected slowly it will progress steadily: when the 
system is agitated the mechanical energy applied may be sufficient 
to rupture the mutual surface of attachment and a sol results. On 
the other hand, it is not so easy to account for the converse condition 
where the gel state appears to depend on mechanical agitation. 

It is important to notice that the transference from gel to sol and 
vice versa does not in itself effect any obvious change in the distribu- 
tion of free energy and cannot in itself be responsible for active 
movements within a protoplasmic system. Further, apart from the 
obvious changes in viscosity and elasticity the transformation does 
not affect to any marked degree the activity of the system from a 
chemical point of view. Diffusion takes place through a jelly almost 
as rapidly as tlmough water so long as the size of the diffusing 
molecules is not too great; on the other hand, the gel condition 
makes it possible to maintain a localised structure in a constant 
position, whereas this would not be the case in a sol. For example, 
the phenomena of Liesegang ring formation are readily observable 
in a gel, whereas in a fluid system the mechanical conditions are such 
that uniform mixing occurs except under very carefully controlled 
conditions. How far these facts are helpful from a biological point 
of view is doubtful. All the e\ddence suggests that when a trans- 
formation from sol to gel occurs within the normal cell it does so 
vdthout any permanent or irreversible dislocation of vital activities. 
We must therefore conclude that the diving’ state is not dependent 
on such a structure as is characteristic of a colloidal sol or a colloidal 
gel — but is something much more fundamental. At the same time, 
a change from sol to gel must obviously affect the ability of proto- 
plasm to flow from one region to another, and is probably of primary 
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significance in the process of cell-division (see p. 206) and in amoe- 
boid movement (see Chapter XVII). 

The optical properties of protoplasm 

In most cases the protoplasmic matrix of a living cell exhibits no 
optical structure even under the highest powers of the microscope. 
Exceptions to this rule are, however, not unknown. The vacuolated 
protoplasm of Actinosphaerium and other fresh-water Heliozoa are 
well-known examples. Whether the retractile walls together with 
the contents of the vacuoles are both to be regarded as essential 
components of the living system is not known. It is significant that 
the protoplasm of marine Heliozoa is much less vacuolated than 
that of fresh- water forms (Gruber, 1889) and is described as 'granu- 
lar’. The fact that one type can be converted into another by 
acclimatisation to media of suitable salinity, indicates that the 
separation into two phases may vary considerably without violent 
disintegration of the essential elements. An equally regular vacuo- 
lisation of optically homogeneous cytoplasm is, on the other hand, 
sometimes the result of injury. Thus if Spirostomum is gently com- 
pressed under a cover-slip a well-defined vacuolisation precedes 
complete cytolysis (see also Prowazek, 1915). At first the clear 
transparent endoplasm develops a series of small but distinct 
vacuoles, these quickly enlarge so that each is separated from its 
neighbours by a thin wall of refractile endoplasm; eventually the 
vacuoles coalesce by rupture of the walls and the latter form small 
droplets floating in the fused contents of the vacuoles. The whole 
process is singularly like what occurs when a drop of olive oil 
containing a soap is brought in contact with water. The beautiful 
emulsions of water in oil which are produced in this way were 
regarded by Biitschli (1894) as illustrating the fundamental structure 
of protoplasm. This is certainly true as far as the Heliozoa are 
concerned, but in other cases it is open to grave doubt how far the 
vacuolisation is actually present during life. It is interesting to note 
that the process of 'vacuolisation’ of protoplasm which so often 
heralds the death of the cell can be closely imitated in an inanimate 
system of globulins. If a very small drop of the concentrated globulin 
solution found in the yolk of Salmo fario be allowed to come gently 
into contact with the surface of water a beautiful series of vacuoles 
are formed prior to the final disintegration of the drop into discrete 
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particles which in turn distribute themselves readily throughout the 
aqueous medium. 

A definite optical structure has also been ascribed to the cyto- 
plasm of echinoderm eggs. According to Chambers (1917) the bulk 
of the mature egg is to be regarded as a thick emulsion of two types 



A 



B 


Fig. 19. Protoplasm of mature starfish egg. living state; after fixation. 
(From Wilson, 1928.) 

of granules lying in a fluid matrix. The smaller type of granule or 
microsome is about 1 in diameter and has a high refractive index; 
the larger type of granule or macrosome is from 2 /x to 4^ in diameter 
and has a low refractive index, and is easily destroyed. The macro- 
somes have however been regarded as fluid vacuoles in the walls of 
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which lie the microsomes. If this were so, the protoplasm of the egg 
might reasonably be said to possess an alveolar structure. The recent 
observations of Wilson (1928) make this suggestion improbable. 
In the young immature oocytes of Echinus escidentiis or Asterias 
glad alls both microsomes and macrosomes are relatively few in 
number (fig. 20) and are irregularly arranged in a clear hyaline 
matrix. Even in the mature egg the cytoplasm can be separated by 
the centrifuge into a layer rich in microsomes and a hyaline la^’er 
free from these bodies, and yet the egg is capable of development. 



Fig. 20. Protoplasm of growing starfish egg, showing macrosomes and 
microsomes lying in a hyaline matrix. (From Wilson, 1928.) 


The normal orderly arrangement of the microsomes in the mature 
egg is therefore more readily explained by the presence of a large 
number of macrosomes which restricts the microsomes to the space 
between adjacent macrosomes. We do not, therefore, need to assume 
a fundamental organisation for the protoplasm of the mature egg ; 
a similar structure was observed by Biitschli in drops of oil which 
contained fine granules of Indian Ink. 

Although protoplasm normally exhibits no optical structure, yet 
when submitted to a stress along a definite axis, a fibrillar appearance 
can sometimes be detected. The protoplasm of Gh'omia is perfectly 
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transparent and homogeneous, but as it flows through the opening 
of the shell distinct fibrillae can be seen (Biitschli, 1894), and as soon 
as the cytoplasm ceases to be compressed the fibrillae disappear (see 
fig. 21). Similar phenomena have been described in Amoeba hlattae 
and in the streaming protoplasm of some plant cells. These fibrillae, 
like those of the mitotic figure, readily disappear on applying pressure 
to the cell at right angles to their length- They indicate that the 



Fig. 21. Protoplasm streaming from the aperture of the shell of Gromia dujardinii. 
Note the fibrillar structure of the protoplasm in the mouth of the aperture, the alveolar 
extravasated protoplasm, and the hyaline pseudopodia. (From Biitschli, 1894.) 

particles of cytoplasm can orientate themselves along definite axes 
when lying in a suitable field of force, just as do those of albumen 
(Hardy, 1899). The existence of such orientations is not’ always 
obvious during life; according to Lewis (1923) the visible fibrillae 
seen in the preserved cells of cardiac muscle are the results of 
fixation and are invisible in the living cells. It is, however, 
by no means certain that the fibrillae observed by Biitschli are 
present within the cell and are not restricted to the surface ecto- 
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plasm: they may, in other words, simply be wrinkles on a relatively 
inelastic surface. 

Among those types of protoplasm which are not infrequently 
regarded as optically homogeneous are the ectoplasm and endoplasm 
of Amoeba. A rather different conception has, however, been ad- 
vanced by Mast (1926). In Amoeba p)-oteus the outside of the organism 
is defined by a solid elastic layer (the plasmalemma) about 0-25 
thick. Inomediately under this is a hyaline layer of variable thick- 
ness which contains granules in an active state of Brownian move- 
ment. The rest of the body consists of granular protoplasm which 
appears to be uniform as long as the amoeba is at rest; when the 
organism is in motion it can be seen that only the central core (the 



Fig. 22. Illustrating protoplasmic structure of Amoeba (from Mast). P/, plasmalemma 
torn near one end (note the shreds indicating a fibrous structure); TL hyoiirc Ir-.y.-.’; 
Pg, plasmagel (the framework represented is inferred from the tv.-.- i'lrt 
movement of enclosed particles); Ps, plasmasol; P, food vacuoles. 


plasmasol) is in motion, whereas the outer layer (the plasmagel) is 
stationary. Within both plasmasol and plasmagel included granules 
and crystals are in active Brownian movement, but those vithin 
the plasmagel are highly restricted in their movements, and do not 
change their relative position freely as is the case in the plasmasol. 
Mast concludes that the plasmagel is essentially alveolar in structitre, 
so that an enclosed particle can only move within the confines of its 
own particular vacuole. This observation is of interest from two 
points of view. Firstly, it shows that the existence of Brownian 
movement is in itself no indication of a general state of protoplasmic 
fluidity, but only of that particular region through which the particle 
actually moves. Secondly, it raises the problem, discussed elsewhere 
(see Chapter II), of how far living matter is subdivided into small 
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microscopic or siibmicroscopic phases within which different types 
of reaction can go on, and which may be to some extent outside the 
scope of statistical laws. It should, however, be noted that even if 
such phases exist within a sea urchin’s egg they must, like the 
granules in the plasmasol of Amoeba, be capable of moving their 
I'elative position without much more difficulty than if they were 
suspended in water. 

Miscibiliiij of protoplasm and water 

If protoplasm is to be regarded as a colloidal system whose 
continuous phase is largely composed of water, one would expect 
protoplasm to be freely miscible with water. According to Chambers 



Fw. 23. Effect of injection of a large amount of distilled water into Amoeba, a, plas- 
malemniSL lifted away from granuloplasm which lies in the centre ; c, d, note scattering 
of granules; e, normal form regained. 




Fig. 24. Injection of small amount of 23f NaCl. a, before injection; 30 seconds 
after injection. Note complete mixing. (From Chambers and Reznikoff, 1926.) 


(1917) this is actually the case, since when water is injected into 
protoplasm there is no phase boundary formed between the two. 
Chambers and Reznikoff (1926) have recently shown that a volume 
of water equal to half that of the protoplasm can be injected into 
an amoeba without any indication of a phase boundary; the water 
immediately diffuses throughout the cell. 

On the other hand, Seifriz (1918) states that in no case is normal 
C3.i:oplasm miscible with water. Seifriz’s conclusion is based on the 
following facts. Isolated fragments of protoplasm from the plas- 
modia of Myxomycetes or from the pollen tubes of Iris are capable 
of independent existence in w^ater, but in each case the drops quickly 
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surround themselves by a relatively tough membrane which Seifriz 
regards as a precipitation membrane; such membranes^ he claims, 
are only formed at the junction of tw^o immiscible fluids. 

Seifriz’s argument appears to be based upon a misunderstanding 
of the conditions requisite for the formation of precipitation mem- 
branes. It is true that such membranes are readily formed at the 
interface of two immiscible fluids, but the essential condition for 
their formation is not the immiscibility of the liquids but the im- 
permeability of the membrane to the substances which go to form 
it. If a drop of olive oil containing a little oleic acid is placed in 
contact with a mixture of alcohol and water of the same specific 
gravity, a membrane can be formed round the drop by adding 
a soluble salt of calcium to the aqueous phase: the membrane 
is composed of calcium oleate. On the other hand, an equally good 
membrane can be produced by allowing a drop of sodium oleate 
solution to come gently into contact with a drop of calcium chloride. 
If sodium oleate and calcium chloride solutions come into violent 
contact no membrane is formed, but complete mixing accompanies 
the precipitation of the calcium oleate. The apparent discrepancy 
between Chambers’ results and those of Seifriz may be due to the 
fact that the process of micro-injection is too violent and rapid to 
allow of membrane formation. Such an interpretation would help 
to explain the fact that definite intracellular vacuoles can exist 
within the protoplasm of the normal cell. Kite (1913) stated that the 
walls of the vacuoles in Amoeba proteus possess a degree of cohesion 
much higher than the surrounding endoplasm, and this has been 
confirmed by Chambers (1928). 

In considering the so-called miscibility of protoplasm with water, 
the very greatest caution must be exercised and some precise agree- 
ment must be reached concerning the real meaning of the term 
Many authors seem to imply that miscibility with wuter is synony- 
mous with miscibility with any aqueous solution. That this is quite 
illegitimate can be seen in two simple experiments. If a concen- 
trated solution of globulin comes into contact with a solution of 
il4’/2 NaCl complete ^miscibility’ is observed: if, on the other hand, 
it comes into contact with water, two distinct phases are found: 
one which is rich in globulin and poor in wmter, the other rich in 
water and poor in globulin. Similarly, if a sea urchin’s egg is crushed 
or ruptured in sea water the cytoplasm forms a compact and tena- 
cious mass : if an egg is ruptured in isotonic sodium chloride solution 
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the CT-toplasm mixes freely with water (see also %. 25 ). The newly 
formrf interface between protoplasm and water is probably the seat 
of more than one type of reaction. It *e ““ of ‘h' “'J ^ 
interface increases very slowly, it is probable tliat theie wi 1 pte- 
eipitate at the surface any water insoluble protein present m Uie 
cell-these substances ™11 perhaps take part in the formation of a 
definite membrane and thereby inhibit further mixing . At the 
same time a precipitation membrane will form betsyeen any mta- 
cellular compound capable of reacting with calcium or other sails 




Pi. 03 Effect of tearins an amoeba. .4, 3//13 NaCl. Rapid dissipation occurs with 
Satteriko Sanules; B, Amoeba tom in M/U CaClg Note the absence 
Snules.'The organism remains a coherent mass. (After Chambers and Reznikoff. 

1926.) 


in the water. If, however, the area of the interface between the 
protoplasm and aqueous phase increases too rapidly for membrane 
formation a process akin to complete miscibility will be reached. 

Perhaps the nearest picture we can get of protoplasm is that of 
a colloidal emulsion whose continuous phase is of an aqueous nature 
but whose dispersed components are extremely sensitive to changes 
in the nature of the continuous phase. It is quite certain that the 
latter is not pure water, but a solution of crystalloids and electro- 
l}i;es. With such a medium protoplasm is perhaps ‘ miscible in all 
proportions, but contact with any other aqueous medium in the long 
run will probably lead to abnormality and death. 
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The chemical composition of pToto])lasm 

The methods available for the chemical analysis of cell consti- 
tuents are necessarily somewhat crude. Macroscopic analyses of 
cells can be carried out if the tests which are involved can be suitably 
modified for use with comparatively small amounts of tissue. 
Alternatively, if only one cell is available it is possible to apply 
qualitative tests for cell constituents by injecting suitable reagents 
into the cell. In a few cases (notably nucleic acid and certain 
metallic radicles), it is possible to use intracellular methods which 
not only give a qualitative estimate of cell constituents, but also 
indicate the position in the cell which these constituents normally 
occupy. 

For macroscopic analysis, endoplasm from the plasmodia of 
Myiiomycetes is the most popular source of supply. This or similar 
material can be analysed by standard chemical methods; using 
Reticularia lycoperdon, Kiesel (1925) obtained the following com- 
position for the water-free organic constituents of protoplasm. 


Table IX 



by weight 

Oil ‘ 

17*85 

Lecithin 

4 - G 7 

Cholesterin 

0 - 5 S 

Reducing carbohydrate 

2*74 

Non-reducing soluble carbohydrates 

5*32 

Glycogen 

15*24 

Polysaccharides 

1*78 

Nitrogen extractives 

12*00 

Proteins ... ... ... ... | 

29*07 

Nucleic acid j 

3*68 

Lecithoproteins ... j 

1*20 : 

Unknown substances 

5*87 


100*00 


Such analyses are necessarily very rough approximations to the 
composition of homogeneous protoplasm, but when we compare the 
analyses of a number of different types of cell we get fairly reliable 
evidence to indicate that protoplasm invariably contains proteins, 
and that with the proteins there are combined or associated certain 
derivatives of the fats — all other organic constituents being present 
in varying quantities or even absent altogether. 
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Macrochemical analyses of large cell masses have been made on 
mail}” occasions, but from a cytological point of view do not yield 
results of any great significance. It is interesting to note, however, 
that the composition of some types of cell seems to depend on the 
composition of the external medium or with the physiological con- 
dition of the cells. For example, the protein present in some bacteria 
(e.g. Azotobacter) may vary from 12 per cent, dry w’^eight if a culture 
is grown on a solid medium to 30*5 per cent, if grown in a liquid 
medium (Hunter, 1923); on the other hand, the protein content of 
Aspergillus n iger is independent of the medium (Terroine, Wlxrmser, 
and Montane, 1922). The influence of age or physiological condition 
on cell composition may be illustrated by the figures given by Kruse 
(1910) for the nitrogen content of Mucor (Table X). 


Table X 


Days of gro^^th j 

1 

j Dry weight 

% nitrogen 

4 

0*46 

16-2 

6 

0*51 1 

7-1 

; 8 

1-12 1 

5-6 

10 

1-67 1 

6-2 

1 12 

1 1-72 i 

5*2 

1 14 

1*83 

3*7 


Qualitative analyses of protoplasm in mass can be confirmed by 
microanalysis. Cells treated with Millon’s reagent (a mixture of 
mercurous and mercuric nitrites) yield a positive reaction for pro- 
teins ; similarly fats can be detected by treatment with osmic acid 
(see Bolles Lee, 1928, p. 465 seq.). Starch and certain other carbo- 
hydrates can be detected by means of the iodine reaction. Further 
examples of this type of qualitative analysis will readily occur to 
the reader, and as a rough guide to the composition of cell con- 
stituents such reactions are useful, although they are in few cases 
quantitative and in no case do they throw much light on the real 
molecular structure of the cytoplasmic ground work of the cell. 
Before leaving reactions of this type it is worth mentioning an 
instance of intracellular analysis made possible by microinjection of 
reagents into the interior of a cell. By this technique Pollack (1928) 
was able to detect the presence of intracellular calcium by the 
injection of sodium alizarin sulphate into an Amoeba. This alizarin 
compound reacts with calcium to form purplish-red crystals of 
calcium alizarinate. Shortly after injection the interior of the cell 
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shows the presence of fine red granules, while the whole c}i;oplasm 
is itself coloured pale red. According to Pollack an Amoeba possesses 
a considerable reserve of calcium salts, some of which are set free 
oil pseudopod formation. It seems probable that the method of 
niicroinjection of reagents could be extended, vith success, to other 
intracellular reactions. 

To some extent, organic cell constituents can be identified by 
taking advantage of their differential staining properties. This 
method was elaborated by Unna and Tielemann (1917) in their 
analyses of various tissue-cells and of amoebae. The cells are first 
fixed to a slide with osmic acid vapour and are then subjected to 
suitable stains after treatment vdth various solvents. Unna and 
Tielemann divide the main organic cell constituents into basic 
proteins, acid proteins, and lipoids. Similar analyses have been made 
of bacterial and yeast cells by Gutstein (1925). 


Table XI 


Compound 

Properties 

Location in Amoeba 

(a) Basic proteins 

Not easily soluble in water 

Stain in liaematoxylin 

Digested by 1 % trypsin 

Nucleus 

Endoplasm 

Ectoplasm 

{h) Basie proteins 

Soluble in water 

Endoplasm 

j 

Protamines 

Stained red in Giemsa stain 

Not digested by pepsin 

i Surface of nucleus onlv 

1 ‘ : 

Globulin 

! 

Stained in methylene blue 

Soluble in 2 % NaCl ' 

i Interior of nucleus 
Endoplasm, ectoplasm 

1 Lipoids 

Soluble in acetone, alcohol or benzine 

Endoplasm, ectoplasm 


The colorimetric tests applied by Unna and others are of interest 
because they indicate with some precision the locality occupied in 
the cell by the various constituents, and in this respect resemble the 
better known intracellular tests for inorganic radicles. 

The inorganic constituents of the cell were examined micro- 
chemically by Macallum (1905). Roughly speaking, the methods 
employed are those used for larger analyses, but suitably modified 
for the small quantities involved in a single ceU. In every case, the 
success of the method depends on the formation of a specific 
precipitate within the cell, or in a specific differentiation in staining 
properties. 
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Cobalti-nitrite test for intracellular potassium. The reagent em- 
ployed is a solution of sodium cobalti-nitrite which is prepared 
bv dissolving 20 gr. of cobalt nitrite and 35 gr. of sodium nitrite 
in 75 c.c. of water containing 10 c.c. of glacial acetic acid. As 
soon as the evolution of nitrogen peroxide has ceased, the solu- 
tion is filtered and diluted to 100 c.c. with water; it is then ready 
for use. If a small quantity of this solution is added to a solution 
containing a potassium salt, an orange-yellow crystalline precipitate 
of the triple salt is formed. This can subsequently be converted into 
cobalt sulphide bv the addition of ammonium sulphide and the 
orit^inal presence of potassium thereby made more obvious. In 
pra'^ctice the sodium cobalti-nitrite is added to the freshly-teased 
tissue or frozen section and left for 20 minutes: the tissue is then 
washed several times with ice cold water until the washing are 
colourless. The preparation is then mounted on a slide in a mixture 
of equal parts of 50 per cent, glycerine and of concentrated am- 
monium sulpiride solution. The location of the potassium can then 
be determined microscopically from the position of the opaque 
cobalt sulphide. The preparations are relatively stable. According 
to Macallum potassium may or may not be present in the cytoplasm, 
but it is invariably absent from the nuclei. The cytoplasm of many 
protozoa (e.g. Vorticella) appears to be devoid of potassium, but in 
other cases potassium can be detected quite readily within the 
crdoplasm — often in highly localised areas (see fig. 26). Thus in 
Spirogyra the potassium is strictly limited to the margin of the 
chromatophore ; in striated muscle-fibres the dim bands are rich in 
potassium, the light bands gmng a negative test. In plant cells, 
also, potassium is accumulated at regions of active growth, e.g. at the 
root tips of the spores of Equisetum arvense or in the early stages of 
growth of pollen tubes. Nerve cells contain no potassium. 

Microcbemisiry of iron. Free iron salts can be detected within the 
cell by a variety of methods of which perhaps the best is that 
developed by Macallmn (1897). The test depends on the fact that 
haematoxylin forms with the salts of heavy metals deeply coloured 
insoluble higher oxides; no such reaction occurs if the iron is 
incorporated into an organic molecule. Organic compounds of iron 
can be detected only if the iron is first converted into a metallic salt 
by acid hydrolysis. By means of this test Macallum (1897) demon- 
strated the presence of iron within the nucleus : the position of the 
iron being marked by the deposition of the dye as a blue-black or 
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blue colour. An alternative test for free iron salts is pro^’ided by the 
use of ferrocyanide solutions or ammonium sulphide. 

Microchemistry of phosphorus. Macallum’s test for intracellular 
phosphorus is described in detail by Mann (1902, p. 295). The cells 
are exposed for some time to a solution of ammonium molybdate. 
The phosphates then form a phospho-molybdate vdiich may render 
the cells yellow to the eye. The phospho-molybdate is then reduced 


hi 



Pig. 26. Intracellular distribution of potassium. The regions rich in potassium are 
shown black after treatment with sodium cobalti-nitrite and ammonium sulphide. 
(Prom Macallum.) 

1. Cell of Spirogyra showing condensation of potassium on the surface of the 
chromatophore. 

2. Wing muscle of Aeschna. 

3. Nerve cell from the Gasserian ganglion of a dog. 


by washing the cells in a 2 per cent, solution of phenyl-hydrazin 
hydrochloride. Originally pyrogallol was used as a reducing agent 
— ^but this is to be avoided as it also reduces the free ammonium 
molybdate. The presence of the phospho-molybdate is revealed after 
reduction by the formation in situ of the dark green oxide of molyb- 
denum. By suitable preliminary treatment of the cell it is possible 

6-2 
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to determine whether the phosphate detected is attributable to free 
phosphates, phospho-proteins, or phospho-lipins. In every case the 
nucleus is found to be rich in phosphorus, and in muscle the dark 
bands are much richer than the light — as is also the case for iron. 

The Feidgen reaction for nucleic acid. One of the most valuable 
microchemical tests is the reaction elaborated by Feulgen (1923) 
for the detection of thymo-nucleic acid in situ in the cell. The 
principle of the test depends on the fact that partial acid hydrolysis 
of thymo-nucleic acid yields an aldehyde grouping which reacts 
colorinietrically with fiichsin containing free sulphurous acid; the 
latter reaction is Schiff’s test for aldehydes in which a positive 
reaction is indicated by the development of a red or violet colour. 
The test for nucleic acid in vitro can be performed as follows 
(Feulgen, 1923, p. 1055). A solution of 0-3 per cent, sodium salt 
of thymo-nucleic acid in water is prepared: to 1 c.c. of the solution 
is added 1 c.c. AhlO H 2 SO 4 and the mixture incubated for 10 minutes 
in a water bath. The solution is then cooled and neutralised bv 
NjlO NaOH. A few drops are then added to the test solution of 
fuchsin (see Feulgen, p. 1063). After some minutes a brilliant colora- 
tion is observed. The test is sensitive to 0-01 mg. of nucleic acid. 
When used for the detection of thymo-nucleic acid within the nucleus 
the test is highly specific if proper precautions are observed. The 
nucleic acid from yeast yields negative results. The test provides a 
very valuable check on the relative distribution of nucleic acid and 
of ‘chromatin’ with living cells. 

Except in the particular case of the Feulgen reaction it is not very 
easy to assess the cytological value of microchemistry. When we 
state that protoplasm invariably contains proteins and derivatives 
of the fats, the contribution to cytology is comparable, in aero- 
nautics, to a statement that an aeroplane invariably contains iron 
and copper. Either the essential constituents of the living machine 
are composed of protein and lipoids or they are orientated in a 
matrix of these compounds. Both for a study of the cell and of an 
aeroplane we require to know not only the shape and function of the 
various chemical constituents, but we want to know how they are 
orientated in respect to one another to form a working and useful 
unit. By purely chemical methods we can at times detach, from the 
w’hole living system, parts of the machine which will continue their 
normal function in vitro^ and a study of such parts — enzymes in 
particular — may eventually enable us to form some adequate 
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picture of the whole engine. We get the impression, however, that 
during this process the true structure of living protoplasm is eluding 
us, and that no real advance will be made until some new method 
of analysis enables us to see how the various protein molecules and 
aggregates are orientated in respect to each other. When that happy 
state has been reached it will be interesting to see how far the 
chemical constitution of the protoplasmic framework is only of 
secondary significance. 

The hydrogen ion concentration of protoiylasm 

The hydrogen ion concentration of intracellular protoplasm is 
highly significant but is not easy to determine with accuracy. 
Within certain limits its value can be assessed by injecting, into the 
cell, indicators whose colour changes are sufficiently well defined in 
the region of absolute neutrality. Observations of this type were 
first made by Needham and Needham (1925, 1926) and later by 
Chambers and Pollack (1927). From the results obtained by these 
authors we may conclude that the hydrogen ion concentration of 
living protoplasm is almost the same (6*9 ± OT) for all the cells 
examined — Amoeba (Needham and Needham, 1925; Chambers, 
Pollack and Hiller, 1927), echinoderm eggs (Needham and Needham, 
1926; Chambers and Pollack, 1927), and cells of the frog and mam- 
mals (Chambers, Pollack and Hiller, 1927). 

The recent work of Chambers and others shows that considerable 
care must be exercised in the interpretation of colorimetric observa- 
tions of intracellular ^H. If basic dyes such as neutral red are in- 
jected in the cell, the dye quickly accumulates into discrete granules 
whilst the hyaline cjd^oplasm remains more or less colourless. The 
colour of these granules is not a reliable guide to the c}i:oplasniie 
pH. If, on the other hand, acid dyes such as brom-cresol-purple, 
phenol red, and cresol red are used, they do not accumulate into 
granules but give a permanent and diffuse colour to the endo- 
plasm. Under normal conditions the colour of the endoplasm is 
equivalent to a pH of 6*9 =b 0*1. According to Chambers (1928) this 
value cannot be altered by the presence of alkali or acid as long as 
the cell is alive ; the only constituents of the cell which alter in pH 
under such circumstances are the granules which have a high 
affinity for basic dyes. A typical observation was as follows. 
Echinoderm eggs, stained with neutral red, were immersed in a 
hanging drop of sea water coloured with cresol red, and were then 
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injected with phenol red. The cj'toplasm stained yellow and, em- 
bedded in the cytoplasm, were bright red granules containing neutral 
red; the external sea water containing cresol red was yellow. The 
whole system was then exposed to ammonia gas until the alkalinity 
of the sea water was sufficient to give an alkaline (red) reaction with 
cresol red As soon as this occurred the cytoplasmic granules were 
found to be yellow (alkaline reaction of neutral red), while the 
hvaline matrix remained yellow (acid) in the phenol red. The 
picture was then reversed bj’' admission of carbon dioxide ^both the 
sea water and the neutral red granules became acid, but the cyto- 
plasm retained its constant hydrogen ion concentration of pH 6-9. 
Similarly Chambers found that when using brom-cresol-purple, it 
was impossible to make the cytoplasm acid by the admission of free 
carbon dioxide as long as the cell remained alive. From these 
experiments and from those of Pollack (1928) it may be concluded 
that protoplasm has a very high buffering power and that if its 
pH value changes significantly the cell rapidly dies. At the same 
time it is not easy to harmonise these conclusions with evidence 
from other sources. An acid such as COg undoubtedly enters the 
living cell— so that if (as appears to be the case) the hydrogen ions 
accumulate in discrete granules, it is these granules which must be 
responsible for the apparent buffering power of the cytoplasm. 
However efficient the granules may^ be as absorbents of hydrogen 
ions there must come a time when no more acid can be absorbed 
and at all times there must be an equilibrium between the amount 
of acid in the granules and the amount in the cytoplasm. Conse- 
quently there must, theoretically, be a change in the cytoplasm 
whenever the total amount of acid in the cell is varied. This change 
may not be detectible by indicators but it is possibly of profound 
physiological importance. Practically every physiological activity 
is sensitive to the presence of acids which penetrate the cell. Ciliary 
and amoeboid movement, mitosis, cell-division, and respiration are 
all profoundly depressed by the presence of intracellular carbon 
dioxide or any other rapidly penetrating acid. It is difficult to 
believe that these activities are really dependent on the reaction of 
neutral red granules — ^it is much more probable that our methods of 
observing the hvdrogen ion concentration of hyaline protoplasm are 
too crude for physiological purposes. 

The failure to observe changes in protoplasmic pR in the presence 
of free COg is surprising in view' of the fact that a marked change can 
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be effected by the injection of calcium salts (Reznikoff and Pollack, 
1928). This latter change is what one would expect in a protein 
system— but if hydrogen ions liberated by the addition of calcium 
can effect a pH change colorimetrically and if the ‘acid of injury’ 
can effect a similar change, it is difficult to see why the injection of 
free hydrogen ions does not act in the same way. 

Electrical conductivity of protoplasm 

The internal electrical conductivity of protoplasm has been 
determined by Brooks (1924) and by Gelfan (1928): Brooks used 
the extra vasated protoplasm of the Myxomycete Brefeldia maxima. 
Individual plasmodia yielded 5-20 c.c. of protoplasm whose electrical 
conductivity was measured in the usual \vay. The conductivity of 
the protoplasm was found to be equivalent to that of a 0-00145A' 
NaCl solution and about 2-8 times that of the medium vith which 
the plasmodium is normally in contact. Brooks concluded that the 
conductivity of protoplasm always bears a definite relationsliip to 
that of the' medium surrounding the tissue. 

Gelfan’s (1927) method was preferable to that of Brooks in that 
it did not involve extensive injury to the cells ; two specially pre- 
pared mieroelectrodes were inserted into the protoplasmic layer of 
the cells of Nitella, and the conductivity was found to be equivalent 
to that of a 0-04i\I KCl solution, whereas that of the cell sap was 
slightly higher. The rate of streaming of the protoplasm appears 
to have no appreciable effect on the conductivity, although it is 
interesting to note that manipulation of the electrodes usually 
caused a temporary cessation of streaming. The following table from 
Gelfan (1928) shows the conductivity of protoplasm in different 
t}q)es of cell. 

Table XII 


Species 

Normality 

Specific conductance in ■ 
reciprocal ohms per cm. j 

Amoeba proteus 

0-01 

1-225 X 10-3 1 

Paramoecium 

0-06 

6-9 X 10-3 

Nitella protoplasm 

0-04 

4-7 X 10-3 1 

Starfish oocytes 

0-25 

26-2 X 10-3 1 


It will be noted that the internal conductivity of protoplasm is 
relatively high — much higher than that of the whole cell; this fact 
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is of great theoretical significance and will be discussed in a later 
chapter (Chapter XIV). 

Cytoplasmic differentiation 

If we restrict our vieAv of protoplasmic structure to such facts as 
have already been described, we picture to ourselves an optically 
homogeneous material in which the included phases or particles are 
free to move with comparative ease. Within such a system it is not 
easy to see how one region of cytoplasm can remain essentially 
different to another unless these adjacent regions represent separate 
submicroscopic phases, each of which represents a physico-chemical 
entity distinct from but in equilibrium with its neighbours. Thk 
some such heterogeneity must exist is shown by the variety of 
chemical reactions which go on in an orderly manner as long as the 
cell structure remains intact, and which cease to proceed in this way 
when the cell dies. As Bayliss remarked, ‘Protoplasm is an extra- 
ordinary complex heterogeneous system of numerous phases and 
components’. To tliis there can be no denial, but the position 
is unsatisfactory; thirty 3 ^ears ago biological heterogeneity was 
associated with microscopic fibrils, granules or alveoli, to-day w^e 
have their parallel in phase boundaries, monomolecular films, 
and membranes ; all of these are possible, none of them is certain. 
The outstanding facts show" that from a biological or even bio- 
chemical point of view", protoplasm must be heterogeneous, but the 
essential nature of this heterogeneity has not yet proved sus- 
ceptible to direct physico-chemical attack. Until the chemist can 
contribute something more than submicroscopic models of proto- 
plasmic heterogeneity there wall be a danger of underestimating the 
complexity of the whole problem; it is important that the biologist 
should continue to regard the situation from his owm peculiar angle. 

The physical homogeneity of a sea urchin’s egg is, to some extent, 
in harmony wdth Driesch’s conception of a homogeneous and toti- 
potent substance capable of arbitrary subdivision into discrete cells; 
it is equally in harmony with Wilson’s (1903) demonstration that 
fragments of cji:oplasm can be removed from the eggs of Cere- 
bratulus prior to maturation without affecting the ability of the 
remainder to develop into normal larvae. Since it is immaterial in 
this case which region of cjrtoplasm is removed from the egg, the 
wiiole of the c37toplasm must be biologically homogeneous or the 
powders of self-regulation and of cytoplasmic regeneration must be 
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extremely well developed. In both, cases the system may be regarded 
as ‘ totipotent It must be remembered, however, that the immatme 
Cerebratulus egg is not typical of egg-cells in general, for in many 
cases the cytoplasm is essentially heterogeneous in that distinct 
phases are distributed throughout the cell in an orderly manner in 
respect to each other. Even the eggs of Cerebratulus during their 
later stages of maturation exhibit functional heterogeneity, since 
larvae which develop from fragments of the cell cut from the polar 
region of the egg are usually deficient in the digestive tract and 
lateral lappets, whereas larvae from the antipolar region possess these 
organs. This particular example and others have been admirably 
reviewed by Wilson (1925), Conklin (1924), and Morgan (1927). 

As pointed out by Conklin (1924), many egg-cells exhibit true 
cytoplasmic heterogeneity even before fertilisation and this hetero- 
geneity can be recognised in the so-called structmnl polarity of the 
cells. Nearly all eggs are polarised in the sense that the germinal 
vesicle is acentric, being nearer to the animal pole than to the vege- 
tative pole. In the frog's egg the polarity is visible to the eye, since 
the animal pole is pigmented, whereas the vegetative pole is not. 
In nearly all animals the subsequent ectoderm of the embryo is 
derived from the cytoplasm lying at the animal pole of the egg, 
•whereas the endoderm is derived from the cytoplasm at the opposite 
or vegetative pole. Even in eggs where there is no macroscopic 
evidence of polarity, there is, in a large number of cases, definite 
evidence of the existence of two fxmdamental poles which are marked 
by the position of the polar bodies or by the accumulation of 
specific pigments. As examples one may quote the stratified pigment 
in the eggs of Strongylocentrotus (Boveri, 1901), Deiitalium (Wilson, 
1904), Myzostomwm (Driesch, 1896), Styela (Conklin, 1905). The 
position of the polar bodies or of specific pigments is not in itself 
evidence of a fundamental heterogeneity of protoplasm; such 
structures simply show that the egg is polarised in the sense that one 
series of events is happening or has happened at one pole, whereas 
another series of events has happened at the other. As Conklin 
(1924) has, however, clearly pointed out, it is from a stud}- of this 
visibly polarised structure that we may hope to gain some concep- 
tion of the underlying mechanism of protoplasmic heterogeneit^u 

That the heterogeneous distribution of pigment granules is not 
necessarily evidence of their association with a specific type of 
cytoplasm was shown by Morgan and Spooner (1909), who showed 



90 


PROTOPLASM 


that when the eggs of Strongylocentrotus are centrifuged, the position 
of the granules can be altered and may subsequently find themselves 
in a region of the embryo in w^hich they do not normally occur A At 
the same time there is good reason to believe that in a normal egg 
such pigments actually do mark out regions of cytoplasm which are 
fundamental^ different from each other. This evidence is divided 
into two types. Firstly, it is possible to operate on the cells and 
remove regions of c\"toplasm which are specific in the sense that they 
are characterised by the presence of particular pigments or inclu- 
sions. Secondly, we can remove regions of cytoplasm which are 
specific in that they lie in a definite position in respect to the polar 
axis of the egg. The second type of evidence has priority in point of 
time. Driesch and Morgan (1895) and Fischel (1897) showed that the 
eight rows of ciliated plates in the ctenophore Beroe are derived from 
the peripheral c}i:oplasm at the animal pole of the unsegmeiited 
egg. If part of this region be removed, then one or more ciliated 
bands are missing in the subsequent embryo. Similarly, Crampton 
(1897) found that if the so-called polar lobe (which is entirely 
cytoplasmic) be removed from the egg of Illyanassa, the subsequent 
larva failed to develop mesoblast bands. 

It may be argued that the process of removal of cytoplasmic 
fragments is relatively crude and that the results may, to some 
extent, be due to a generalised disturbance of the whole system. 
This objection can hardly be urged against the data obtained by 
Wilson (1904 a) from the eggs of the scaphopod Dentaliurji. When the 
eggs are laid three distinct regions of cytoplasm are visible (fig. 27,8), 
owing to the presence of an equatorial band of brown pigment which 
separates two colourless areas, one at each end of the polar axis. If 
the egg is subsequently fertilised, the process of maturation is 
completed and the egg begins to segment. The first cleavage-plane 
does not, however, develop simultaneously at the two poles, but 
appears first at the apical pole which is marked by the second polar 
body; meanw^hile a well-marked protrusion appears at the opposite 
pole. This protrusion consists of the colourless polar material already 
mentioned and as cleavage proceeds, so this ‘polar’ lobe becomes 
more and more definite (see fig. 27) ; finally the polar lobe remains 
attached to one blastomere (CD) by a narrow bridge of cytoplasm, 
although it is finally absorbed into this cell before the second 
cleavage. Apart from the existence of the polar lobe, cleavage is 
1 In other respects the larvae are normal. 
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equal so that after it has been absorbed into the cell CD, this is 
distinctly larger than its neighbour AB. The second cleavage is 
essentially similar to the first, and in this case a polar lobe protruded 
from CD is incorporated into the daughter blastomere D ; the blasto- 
mere AB forms no polar lobe. Wilson carried out a number of 
experiments which clearly show that the presence of the cytoplasmic 
polar lobe is essential if certain well-defined organs are to be present 



Fig. 27. Cleavage of eggs of Denialium. (From Wilson, 1904.) 

1, Outline of egg soon after release from the ovary; 2, the same egg 20 mins, later, 
after throwing off surface membrane ; 3, similar egg from the side ; 4, egg 1 hour after 
fertilisation, with polar bodies; 5, beginning of cleavage, showing polar lobe; 6, trefoil 
stage, IJ hours after fertilisation; 7, two-celled stage; 8, formation of second polar 
lobe; 9, second cleavage at its height. Zj, first polar lobe; U, second polar lobe. 

in the subsequent larva. If the unsegmeiited fertilised egg is divided 
bv an equatorial cut into polar and antipolar portions, and the 
nucleus be left in the former, then segmentation proceeds without 
the formation of antipolar lobes. Many such eggs, however, failed 
to give embryos, whereas others developed into larvae which were 
deficient in apical organ and post-trochal regions (see fig. 28 (i)). If, on 
the other hand, the portion containing the nucleus was derived from 
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the antipolar region of the egg, subsequent segmentation occurred 
.mth the formation of normal polar lobes and the resultant larvae 
were small but iiormaL If the original cut were parallel to the polar 
axis, both halves developed normally as long as each region con- 
tained part of the white antipolar material. These experiments 
suggest that the presence of the polar lobe material is essential for 
the formation of the apical organ and the post-trochal region of the 
larva; and this conclusion is strengthened by the lesult of removing 
whole blast omeres instead of simply polar lobes, ^^ilson shoved 
that if the two first blastomeres (AB and CD) are separated, they 



Fiff. 28. Troehophores ofDentaUum 24 hours old. {a) From normal egg. (&) From egg 
whose first polar lobe had been removed. Note absence of apical tuft of cilia, and 
of the post-trochal region. (From Wilson.) 

each continue to segment, but the larva from AB lacks both apical 
organ and post-trochal regions, w^hereas both these regions are 
present in the larva from CB by which the polar lobe had pre- 
viously been absorbed. Similarly if each of the first four blasto- 
meres [A, B, C, and D) are separated, three of them {A, B, and C) 
develop without the formation of polar lobes and without the 
formation of apical organs or post-trochal regions: the fourth 
blastomere (B) produces, how’-ever, polar lobes, apical organ, and 
post-trochal region. Finally, Wilson showed that if the first polar 
lobe be removed, the remainder of the egg produces larvae without 
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apical organs and post-trochal regions; whereas if the removal of 
the polar lobe is deferred until its second appearance, the resultant 
larva possesses an apical organ but has no post-trochal region. It is 
extremely difficult to avoid the conclusion that the c}d:oplasmic 
material located in the polar lobe is specific in respect to the forma- 
tion of well-defined organs. 

Perhaps the most spectacular description of cytoplasmic differen- 
tiation is that given of the egg of the ascidian Styela partita by 
Conklin (1905, 1912). The unripe egg is radially symmetrical, 
having a central mass of grey yolk, a large transparent germinal 
vesicle near the animal pole and a superficial layer of yellow cj-to- 
plasm. After maturation the maturation spindle lies in a region of 



Fig. 29. Lai’va of Denialium 24 hours old. (a) From egg whose second polar lobe had 
been removed. Note the absence of the post-trochal region, but that the apical 
organ is present, (b) Prom blastomere CD whose second polar lobe had been removed. 
Note reduction of post-trochal region. (From Wilson.) 


transparent material which, is itself derived from the germinal 
vesicle. At this stage the egg can be fertilised by a spermatozoon 
which enters the egg from the opposite or vegetative pole. Imme- 
diately this occurs the superficial layer of yellow cytoplasm flows 
to the point of entry and there forms a yellow cap, while at the same 
time the clear material derived from the germinal vesicle forms a 
definite zone above the yellow cap. The egg is still radially sym- 
metrical, but prior to the formation of the first cleavage spindle the 
yellow cap and clear zone move towards the posterior pole and the 
former takes the form of a crescent round the posterior side of the 
egg; whilst on the anterior side of the egg there arises a light grey 
crescent. In this way the original radial symmetry of the egg is 
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replaced by a bilateral symmetry and the first cleavage furrow 
passes tiirougli the plane of symmetry and divides the egg into two 
svnimetrieai halves. In a normal egg Conklin identified five distinct 
cvtoplasmic regions and was able to trace the distribution of each 
fQuioTi among the tissues of the differentiated larva, (i) The yellow 
crescentic mijopUisui gives rise to the muscles of the tail, (ii) a 
light yellow ckymoplasm, derived from the horns of the crescent, 
produces the mesenchyme, (iii) the light grey crescent produces 
the notochord and neural tube, (iv) the endoplasm yields the endo- 
derm, and ( v) the transparent ectoplasm yields the definitive ecto- 
derm. Conklin showed that if the fertilised eggs are centrifuged in 
such a way that they cannot rotate within their membranes, the 
\xdlow substance, clear plasma, and grey substance can be displaced 
from their normal positions, and if cleavage occurs wiiilst they are so 
displaced, then the distribution of the substances among subsequent 
biastoineres is abnormal: subsequently a parallel dislocation arises 
in respect to the various organs of the larva. Thus if the eggs are 
centrifuged during the telophase of the first cleavage the wiiole of 
the yellow crescent can be forced into one of the t^vo biastoineres, 
^vitii the result that, at a later stage, the larval muscle cells are formed 
entirely on one side of the larvae. By a similar process, ‘ larvae may 
be turned inside out, the endoderm, muscles, and chorda being on 
Tile outside; ectoderm, neural plate cells and sense organs on the 
inside' I Conklin, 1925, p. 5T9). Since it is known that displacement 
of nuclei does not influence cell differentiation, wx have no alterna- 
tive than to believe that the c}i:oplasm of an egg cell is a highly 
differentiated system. It must, however, be remembered that this 
differentiation is something more fundamental than the hetero- 
geneous distribution of pigment granules or obvious cell inclusions. 
It will be recalled that Morgan and Spooner (1909) showed that 
pigment granules can be moved by the centrifuge without effecting 
any permanent change in the distribution of cytoplasmic areas; 
optical differences in C}i:oplasm are probably the result and not the 
eaii>e of an underlying specificity. Recently Morgan (1927) has 
criticised Conkliirs results and suggested that his experimental re- 
sults are due to pressure rather than to displacement of cytoplasmic 
phases under centrifugal force. That cytoplasmic differentiation 
exists there can be no doubt, the point at issue is whether particular 
regions can be displaced by centrifugal force. It is certainly sur- 
prising that differences in structure which must be of a highly 
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complex and subtle nature should exhibit sufficient differences in 
specific gravity to be affected by comparatively weak centrifugal 
forces. 

The ontogenetic origin of cytoplasmic differentiation has been 
investigated in comparatively few cases, but as far as the evidence 
goes, it looks as though it occurred relatively early in the history of 
the egg’ cell. Yatsu (1904) found that if the egg of the neniertine 
Cerebratulus be cut into fragments before maturation, all the frag- 
ments will develop into complete but small larvae. If, however, the 
egg is first fertilised and then cut into fragments, the number of 
complete larvae formed is very much reduced. The critical period in 
the cycle appears to coincide with the completion of the maturation 
divisions (which follow fertilisation) and not with the breakdown of 
the germinal vesicle. Yatsu also made the interesting observation 
that although practically no normal larvae are obtained from eggs 
from which a portion of the cytoplasm is removed between the 
fusion of the male and female pronuclei and the onset of the first 
cleavage, yet when the two-celled stage is reached each blastomere 
is capable of complete development. 

The results of Brachet’s (1905) experiments with the frog’s egg 
indicate that in this case differentiation of the cytoplasm occurs 
about two hours after fertilisation, since prior to this period portions 
of cytoplasm can be withdrawn without influencing the normal 
course of development. 

The eggs of Cerebratulus and of the frog show that when cyto- 
plasmic differentiation takes place it does so independently of the 
total mass of undifferentiated cytoplasm. This is also true of 
Crepidula; Conklin (1917) centrifuged the eggs of this mollusc and 
thereby induced the formation of very large polar bodies. Although 
this reduced the egg to one-half of its normal size, yet the egg de- 
veloped normally. 

Although the available facts indicate fairly clearly that the 
cytoplasm of an egg is to be regarded as a mosaic structure in w^hich 
the constituent parts are gradually segregated from each other by 
cell division, it is by no means easy to form a satisfactory pictiure 
which will cover all the known facts. The data derived from regenera- 
tion experiments show clearly that specific types of cells sometimes 
contain the potentiality of forming other types if necessary (see 
also p. 297). In the regeneration of crustacean limbs ectodermal 
cells produce muscle fibres. In other words, although the segrega- 
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tion of mesoderm from ectoderm occurs at a very early stage in the 
development of the egg, we cannot assume that this segregation is 
complete and irreversible. Again, differentiation is not wholly 
dependent on cell-division, for in Chaetopterus differentiation may 
occur w'ithout anv cell boundaries (Lillie, 1902). It is not easy 
to piece together these data, and although the biological eom- 
plexitv of cytoplasm is best pictured as a type of mosaic, we 
must "be careful not to eliminate potentialities of differentiation 
which may only reveal themselves at a later stage in develop- 
ment or under abnormal circumstances. If w'e start with the 
simplest cytoplasmic state, we can imagine that there is no 
indeed appears to be the case in Co sJ}} dtutiis 
eggs prior to maturation, or in the early segmentation stages of the 
Cbelenterata, where Hargitt (1904, 1906) has shown that cleavage 
is normally irregular and yet where normal larvae alvmys result. 
Sooner or later, however, differentiation of parts is effected, although 
the time at which this process occurs in different types may vary. 
Apparently it is reached earlier in the so-called cases of determinate 
cleavage than in indeterminate cleavage — it is earlier in Dentalium 
than in the typical sea urchin. Concerning the mechanism of this 
differentiation w'e hnow nothing, but the work of Spemann does, at 
least, give us a reasonable although purely biological point of view. 
We can imagine that within the cell there are centres of organisation 
(e.g. the grey crescent of the frog’s egg) w-hieh do, in fact, control 
the fate and" position of other undifferentiated cytoplasmic regions; 
once these regions reach a definite phase in their development their 
fate is irretrievablv fixed, "whereas in the earlier stages this is by no 
means the case. Such a view is clearly in harmony with the facts of 
amphibian development; if w^e can imagine the dorsal lip of a 
blastopore marshalling the indeterminate cells of a urodele blastula 
into their appropriate positions and endowing them in some way 
with their appropriate characters, we can equally well believe that 
the streaming movements, whereby the cytoplasmic pattern of 
Stijela eggs (Conklin) is brought into being, is due to an essentially 
similar cause. On this view there is no fundamental " difference 
between determinate and indeterminate cleavage, there is simply a 
difference in respect to the phase of development at which the parts 
of the cells and the cells themselves cease to depend on an organising 
centre for their subsequent mode of development. 

WTien we attempt to picture the facts of cytoplasmic differentia- 
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tion in physical terms, the difficulties are overwhelming. How can 
we provide a mosaic of three-dimensional states within a medium 
which is only ten times as viscous as water? Having postulated a 
series of ultra-microscopic membranes, surfaces and liquid crystals 
and having endowed them with all possible degrees of complexity, 
it may be doubted whether such conceptions are really useful. It 
seems more rational to regard living material as a state of matter 
where the constituent molecules are organised in a way quite un- 
known in the inanimate world, and which will only be elucidated by 
methods of analysis which have yet to be discovered. The study of 
protoplasmic structure clearly illustrates the limitations of a purely 
physical conception of biological problems. Without doubt the 
underlying mechanism of cytoplasmic differentiation is of an atomic 
or electronic nature, but until we have the means to explore the 
situation in much greater detail, a knowledge of our ignorance is 
perhaps the most valuable asset we can hope to possess. 
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CHAPTER SIX 


Cell Memhranes and Inter cellidar Matrices 


In many cases, although not in all, it can be shown that the physical 
state of the superficial protoplasm is not the same as that in the 
interior of the cell, and a steadily increasing body of evidence points 
to the conclusion that whereas the mass of the intracellular cjdo- 
plasm may be of a fluid nature, the peripheral layers of the cell are 
essentially solid. Before presenting this evidence it is desirable to 
define, as far as possible, the terms which will be employed. In the 
present discussion three terms will be used — elasticity, plasticity 
and rigidity. An elastic substance is one which is capable of changing 
its shape when subjected to an external strain in such a way that the 
degree of distortion is limited and is proportional to the strain 
applied: as soon as the strain is removed, a perfectly elastic body 
completely regains its original shape. A plastic body, on the other 
hand, also changes its shape when subjected to an external strain, 
but in this case no deformation occurs unless the force applied 
reaches a critical minimum value; as long as a supra-minimal but 
constant force is applied, the substance continues to be deformed 
and no equilibrimn condition is reached. When the deforming force 
is removed there is no return of a perfectly plastic body towards its 
original form. A rigid body is one which tends to resist a change in 
shape when exposed to an e.xternal force. It will be noted that the 
term rigid is relative — and that elastic bodies can also exhibit 
plastic flow : further, it has already been noted that liquid suspensions 
may be elastic. A typically' elastic substance is rubber, a tyrpically 
plastic substance is clay. 

It is e\'ident that we can test the mechanical properties of the 
periphery of the cell by applying a suitable distorting force. A con- 
venient method of applying such a force to a localised area of the 
cell is pro^■ided by a mierodissecting needle. This was first done by 
Kite (1913), who showed that the surface ectoplasm of Amoeba can 
be drawn into strands which on release return more or less completely 
to their normal position in the surface. Very striking results of this 
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tvpe were obtained by Howland (1924) with Amoeba verrucosa (see 
i<y 80). We conclude, therefore, that the surface ectoplasm is 
elastic; but if stretched too much, it will begin to exhibit plastic 
flow. This result, in conjunction with the fact that the surface 
ectoplasm offers considerable resistance to the movement of enclosed 
particles (see p. 105), points to the fact that the surface layer is of 
a solid nature. This conclusion is in obvious harmony with the earlier 
observations of Pfeffer (1906). At is easy to see how the firmer 
ectoplasm of the plasmodia of Choiidrioderma, Aethcdium and other 
Mvxomvcetes is produced from fluid endoplasm and may be re- 
converted into the latter. The ectoplasm may be 0*01 mm. thick 





Fig. 30. Dissection of the surface pellicle of Amoeba verrucosa by means of micro- 
needles. Note the surface corrugations on the stretched, hyaline la\er. (From 
Howland, 1924.) 


and is, therefore, more than a mere surface-tension film, and is much 
thicker than the ectoplasmic membrane. .. .By using plasmodial 
threads of about 0*3 mm. in thickness, in which the surface-tension 
effect is small, Pfeffer was able to determine that the consistenc} 
was about that of a jelly and the same is shewn by the wa}" in 
which moving particles are repelled from the surface layers without 
producing any perceptible deformation or inducing any streaming 
movement. Similarly, oil drops and vacuoles passing through a tube 
of ectoplasm are compressed and distorted “without producing an\ 
bulging in the tube. The appearance closely resembles that shown 
when fluid gelatin containing suspended particles is passed through 
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a fine glass tube kept lined with a layer of solidified gelatine’ 
(Pfeffer, voL 3, pp. 279, 280). 

Similar evidence of a solid peripheral membrane is derived from 
sea urchin ego's. In Echinus esculeiitus the peripheral region of the 





Fill. 31. 3iecluinieal extension of a surface film of a leucoc\i:e of Asierias by means 
of needle. On removing the needle (B) note the crinkled surface of the imperfectly 
eiastic film. (From Faure-Fremiet.) 



Fig. 32. a. Unfertilised or newly fertilised egg of Echinus esculentiis (fertilisation 
membrane omitted). 6, Surface of unfertilised or newly fertilised egg enlarged. Note 
the small (black) microsomes lying near the surface, c, Fertilised egg 30 mins, after 
fertilisation. Note the well-defined hyaline layer at the surface, d and e, Surface of 
fertilised egg (enlarged). 

newly fertilised egg exhibits an appearance identical with that of 
the deeper regions of the cell; after some minutes, however, the 
surface layers are differentiated by an absence of granules, and 
within half an hour a clearly defined hyaline layer can be identified 
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mtliout any difficulty (Gray, 1924). This peripheral layer can be 
dra^^Ti out into elastic strands, which, like the ectoplasm of Amoeba, 
sooner or later begin to exhibit plastic flow. 

4n attempt to measure the elasticity of a surface layer of proto- 
plasm was made by Seifriz (1924-5). A particle of nickel 16 p. in 
diameter was embedded in the cortical protoplasm of a mature 
unfertilised egg of Echinarachnius and the egg exposed momentarily 
to a mamietic field of force: the electromagnet being 0-08 mm. from 
the particle. Under the influence of the magnet the nickel particle 
moved towards the magnet and in doing so stretched the superficial 
layers of the cell for a distance of dp. When the tip of the magnet 
was 1*5 mm. from the particle the distance travelled by the particle 
was only 5/x. For a perfectly elastic medium the distance tlmough 
which the particle moved should be inversely proportional to the 
square of the distance between the distance of the particle from the 



Fio’. 33. Erythrocyte of Cryptobranchus, normal, and stretched between 
two needles. (From Seifriz.) 

magaet. The actual results are obviously inexact in this respect, but 
they indicate a possible means of measuring the absolute value of 
the” elasticity of cell membranes. It may be noted that Seifriz s 
experiments show very clearly the difference in consistency betv een 
the cell interior and the peripheral layers, since nickel particles which 
travel rapidly through the interior under a magnetic force meet with 
much greater resistance at the peripheral surface. Another instance 
of surface elasticity is provided by red blood corpuscles. Seifriz 
(1929) has shown that the erythrocytes of vertebrates have a highly 
elastic surface — a fact which is also apparent from the observations 
of Krogh (1922). Fig. 33 shows an erythrocyte of Cryptobranchus 
stretched between two needles until its long axis is three times as 
great as that of the normal cell. 

Seifriz (1921) showed that if the surface ectoplasm be removed 
from an actively moving plasmodium of a Myxomycete a new film 
rapidly forms. Similarly, the hyaline surface of a fertdised echino- 
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derm e<^cr is readily reformed at a cut surface of the egg. In other 
y-ords,"y-hereyer protoplasm comes into contact mth a suitable 
aqueous environment, a coherent gel is formed at the surface. Since 
surface films of tliis tvpe are well knonm in inanimate protein systems 
we may enquire how far the existence of a hyaline layer at the cell 
surface is simply the mechanical effect of bringing two liquid surfaces 
into contact, or on the other hand, how far this characteristic layer is 
an inte<.ral part of the living cell rather than a mechanical product 
or surface ‘secretion’. If we bring an alkaline solution of casein into 
contact with a drop of calcium chloride a surface membrane of 
calcium caseinate is formed. Similarly we can form a membrane 
by usina sodium oleate instead of sodium caseinate. In each case 
membrmie formation depends on two factors, (i) The formation of 
an insoluble phase at the surface of the drop, (n) the particles of this 
precipitated phase when in intimate contact %yith each other must 
form a coherent mass with sufficient rigidity to maintain its stability 
as part of a membrane. Since we know that the cell is rich in pro- 
teins, it is reasonable to enquire how far formation of ectoplasm is 
due to a deposition of protein molecules in such a form as to render 
them capable of forming a coherent mass. 

The cohesive properties of protein aggregates is largely influenced 
bv their electroh-tic environment (Hardy and Wood, 1908), and 
therefore it is of some interest to enquire how far the surface layers 
of limng cells is also dependent on the same series of factors. So far 
such an enquiry has not been carried out with isolated cells to any 
extensive degree, but more complete evidence is available from 
another source. When cells are united to form definite aggregates 
or tissues, the cohesion between the cells is entirely due to their 
hvaloplasmic surfaces. This is very easily shown in the case of 
echinoderm eggs (Gray, 1924); and Galtsoff (1925) has shown that, 
when isolated cells of the sponge Mia'ociona reunite to form new 
aggregates by fusion of their hyaloplasmic layers, the deeper masses 
of granuloplasm remain separate from each other. It is therefore 
clear that the intercellular matrix or cement which binds cells to- 
gether is homologous to the hyaline surface layer of isolated cells. 
From a study of the effect of ions on the cohesive properties of an 
intercellular "matrix we can, to some extent, determine how far its 
normal stability is dependent on those factors which are known to 
affect the cohesive properties of protein gels (Gray, 1926). A study 
of this phenomenon has been found to provide a convenient intro- 
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ductioii to the effect of ions on biological processes, and for this 
reason the facts may be considered in some detail. 

The factors which influence the cohesive properties of cell surfaces 

It has long been known that the hyaline surface of a cell is instable 
in the absence of divalent cations (e.g. calcium, magnesium) from 
the external medium. In the absence of calcium no hyaline surface 



Fig. 34. Separation of blastomeres of Echinus microtuber culatus in calcium free sea- 
water. Note the disorganisation of the hyaline layer and the spherical form of the 
cells. (From Herhst.) 

forms on an echinoderm egg, and in 1900 Herbst showed that in 
calcium free sea-water the intercellular matrix of an echinoderm 
larva is dissolved and the cells separate freely from each other. In 
the case of Mytilus tissues the matrix is disorganised if magnesium 
is absent (Gray, 1926), whilst Galtsoff (1925) found that calcium 
and magnesium are both required for the reunion of artificially 
separated sponge cells. We thus reach the conclusion that the 
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normal elastic surface of the cell is a gel whose cohesive properties 
depend upon the presence of divalent metallic ions. The only com- 
pounds which appear to have the property of forming cohesive 
membranes in the presence of calcium appear to be the proteins and 
possibly some of the polysaccharides. If substances such as gluten, 
casein, or mucin are powdered and rubbed with a little water they 
readily yield a tough coherent mass which is practically insoluble in 

lOOl 



MoL.Csiaii.of Salt 

Fig. 35. Effect of electrolytes on the amount of sodium mucinate dispersed 
after 24 hours. (From Gray, 1926.) 

water, and which can be pressed out into a more or less transparent 
membrane. The factors influencing the stability of such protein 
gels are strikingly similar to those which influence the stability of 
the hyaline gel which binds together the cells on the gills of Myiilns 
edulis. 

In general, the cohesion of a protein gel depends on the degree of 
ionisation of the protein and on its ability to combine with water to 
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form a h}’'drated electro-neutral particle. The facts, so far as they 
are known to apply to a system on the alkaline side of its isoelectric 
point, are as foLlow'S. 

1. Membranes of gluten when exposed to lo%v concentrations of 
an alkali gradually lose their coherence and pass into the dispersed 
condition. The dispersion by alkali is, however, markedly reduced 
by the presence of neutral salts (Hardy and Wood, 1908). It is 



Fig. 36. Effect of electrolytes on the rate of peptisation of 
sodium mucinate. (From Gray, 1926.) 

primarily the cations of the salts which affect the system, and 
the efficiency of any cation largely depends on its valency, the 
divalent ions being much more effective than the monovalent. This 
stabilising action of cations against the dispersive power of alkali 
can properly be regarded as an electrostatic effect comparable to the 
effect produced on the cataphoretic potential of dispersed particles 
(see p. 50). It is important to note that the anions present in the 
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system play little or no part in this respect, but that all cations on 
tire other hand antagonise the action of hydroxyl ions. Robertson 
and Miyake (1916) showed that salts affect the dispersal of casein 
by alkali in essentially the same way, and figs. 35 and 36 show the 
inhibiting effect of cations on the dispersion of sodium mucinate. 

Precisely comparable data have been derived from the study of 
an interceilular matrix. If portions of the gill of Mytilus are placed 
in isotonic urea of the same pH as normal sea water, the inter- 


Table XIII 


pli of 
mol. urea 
solution 

Deii’rec of dispersion of 
hyaline matrix after 

15 min. l 40 min. 120 min. 

Meaning of symbols : 

1 

' S'O 

7*2 ' 




Complete dispersion = -l + -l 


1 L 

-f "T -f- 

Approx. 50 % of 



j ; i_ 

_1_ _j_ 

cells set free = 4 - i 

O U I 

6’0 i 

'a,' 

j : L 

-f -f- 4" 

Approx. 25 % of j 

0-4 i 

Very slight 

-i- 

4- 4- 

cells set free = 4- ' 

1 4’S 



4-4- 

No cells set free = 0 

4-0 

0 

0 

0 



Table XIV 


! 

i pH of ; 

M -2 NaCl ; 

j 

Time for dis- 
persion in 
minutes 

Average 

velocity 

1000/f 

Log 1000/T 

4*0 

X 

— 

— 

5-0 

250 

4*0 

0*60 

6-2 

120 

8*3 

0*92 

7 '2 

80 

12*5 

1*10 

8*5 

i 45 

22*2 

1*35 

9-0 

I 35 

28*6 

1*45 

10*0 

1 23 

43*5 

1*64 

10*3 

1 19 

52*6 

1*72 


cellular matrix is entirely dissolved within fifteen minutes at a room 
temperature of about 15° C. If, however, acid is added to the 
medium the dissolution of the matrix is very strongly inhibited 
(see Table XIII). 

If the same experiment is performed when urea is replaced by 
isotonic sodium chloride solution, we see very clearly that the 
presence of the salt decreases the dispersive power of the hydroxyl 
ions just as it does in systems of mucin or casein. 
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From Tables XIII and XIV and fig. 37 it is clear that the presence 
of sodium chloride delays the dispersal of the matrix by hydroxyl 
ions from 15 to 60 minutes, although the rate of dispersion continues 
to be proportional to the concentration of hydroxyl ions. Divalent 
cations act in precisely the same manner as sodium ions, but are 
very much more powerful (see Tables XV and XVI). 



Kg. 37. Graph showing relation between concentration of liydroxyl ions and rate 
of dispersion of the intercellular matrix of 31 ijtilus. (From Gray, 1920.) 


Table XV 


Concentra- 
tion of Mg'* 
in mol. urea 
solution 
pH 7-8 

Degree of dispersion of 
hyaline matrix after 

Meaning of s\Tnbols 

20 min. 

80 min. 

120 min. 

1 0*0 

+ + + 

+ + + 

+ + -r 

All cells separated = -i- -l ^ 

1 0*01 

0 

© 

•f 

A few cells se- 

0*02 

0 

© 

-f 

parated = — 

0*03 

0 

0 

© 

Very few cells se- 

0*04 

0 

0 

© 

parated = 0 

1 0*05 

0 

0 

0 
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Table XVI 


! . . „ Decree of dispersion of 

i tion or Ca" ; t " J ■ 

T I h valine matrix after 

in mol. urea i 

onliitiri'n 

i 

1 Meaning of symbols 

OUJ tl LiL/il 

j pH 7-8 80 min. 45 min. GO min. 

0-0 i _____ ~ -t- -i- 

i 0-02 y 3 

: 0-04 y y 

! o-oG d -5 

0-08 0 0 

! ‘ ‘ 'i 

o 1 

{ 

Complete dispersal = — - 
Gradual dispersal 
in granular form = 0 


We may conclude that, other things being equal, the mechanical 
stability of the cell membrane depends on just those electrostatic 
factors which operate on a casein membrane. The real dispersive 
agent in both cases is the hydroxyl ion since this ionises the mem- 
brane or matrix : all salts inhibit this process, divalent cations being 
much more powerful than monovalent cations. 

2. Although the dispersal of a protein membrane most readily 
takes place when it is ionised, it usually only does so if the con- 
stituent particles have an affinity for water, and if the attraction 
between the water and the particles is sufficient to overcome the 
cohesion between adjacent particles. Thus the sodium salts of the 
proteins are readily dispersed because their molecules have a high 
affinity for water — they are in fact soluble. Under certain conditions, 
however, the divalent metals form compounds with proteins which 
have little or no affinity for ^vater (van Slyke and Winter, 1914; 
van Slyke and Bosworth, 1918), so that membranes of such sub- 
stances do not disperse unless very strong forces are used, and par- 
ticles of such compounds can only remain dispersed if electrically 
charged. 

The formation of these basic salts does not occur unless protein 
ions are present. If the ionisation of a protein system is reduced by 
the presence of an excess of monovalent cations, the formation of 
basic insoluble salts is inhibited. The capacity of such metals as 
calcium to form insoluble compounds will be referred to as the 
chemical effect of ions. 

It is the distinctive property of magnesium that it is the only 
metal which wall, at the jpH of normal sea water, prevent the dis- 
persal of the Mytilus cell matrix and at the same time maintain the 
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transliicency and the healthiness of this matrix. Although all other 
divalent cations resemble magnesium, in exerting a strongly an- 
tagonistic action to the dispersive power of the hydroxyl ions,*^ they 
all involve a change in the matrix which leads to its precipitation in 
a granular form. This invariably occurs with all trivalent cations. 
There is thus a marked biological difference between the action of 
magnesium ions and those of calcium. It should further be noted 
that the presence of magnesium inhibits the precipitating effect of 
calcium (Gray, 1926). Precisely comparable phenomena occur in 
casein solutions. If calcium chloride is added to sodium caseinate 
at pH 7*3 a marked opacity is observed followed by a definite 
precipitate. If, however, the ionisation of the sodium caseinate is 
depressed by the presence of magnesium no opacity occurs on 
adding calcium. The distinctive effect of magnesium on both protein 
and living systems appears to be its capacity of exerting an electro- 
static effect on negatively charged surfaces, without seriously 
affecting the capacity of the particles to exist in the condition re- 
quisite for forming a cohesive membrane. We can now progress a 
stage further in the analysis of the factors determining the sta- 
bility of the cell surface — for we can say that unless the surface is 
unionised it must react with calcium in the normal environment ; 
this calcium compound may or may not have sufficient cohesion to 
form a membrane. 

Although the electrostatic and chemical effects of cations are the 
dominating factors which influence the stability of a protein on the alka- 
line side of its isoelectric point, there are other factors which are less 
clearly understood. For example, in the absence of di- or tri- valent 
cations a specific action may be exerted by different anions which has 
been described as lyophilic in nature. Thus the effect of hydroxyl ions 
is inhibited by the anions in the following order : 

r < Br', NO3' < cr < CH3C00'. 

A lyophilic effect can, however, also be exerted by undissociated mole- 
cules or by non-electrolytes, e.g. the ‘ salting out ’ of proteins and the 
inhibition of glycerine on the dispersal of casein by hydroxyl ions 
(Robertson and Miyake, 1916). Whereas, therefore, the electrostatic and 
chemical action of salts is restricted to the cations and only operates on 
ionised particles, lyophilic effects on the other hand operate on unionised 
particles and can be exerted by molecules or by ions of either sign. Since 
lyophilic effects are only operative if the colloid is otherwise free to 
disperse, it is not surprising to find that these effects are all but completely 
masked when the powers of dispersion are strongly reduced by electro- 
static action. Thus in physiologically balanced solutions containing 
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calcium and magnesium tlie lyophilic effect of anions almost entirely 
disappears (Gray, 1922). 

That the different sodium salts exert a well-marked lyophilic action 
on the cell matrix is shown by the following table: 

Table XVII 


i 3/ 2 salt. 8-0 

Time of dispersion 
of Mytilus matrix 
in minutes 

XaCi 

30 

XaNOs ! 

30 

XaBr 

22 

Xal 

19 

Na acet. i 

1 

SO 


The anions fail into well-marked lyophil series as was pointed out 
by R. S. Lillie (1906). The'series is practically the same as that found for 
protein dispersals. The fact that the lyophil series is all but entirely 
unobseiu'abie in the presence of divalent cations (see Gray, 1922) is 
entirely in keeping with the hypothesis that the lyophil action can only 
apply to those parts of the matrix which are electrostatically free to 
disperse. By increasing the concentration of NaCl to twice the isotonic 
^’alue, the inhibition of dispersion is greatly increased, and is approxi- 
mately equal to that of 

The stability of the hyaline intercellular matrix of Mytilus tissue 
is apparently determined, therefore, by just those factors which 
control the degree of cohesion of a protein gel. Briefly summarised, 
the facts show that in normal sea winter the stability of the matrix 
is maintained because the dispersive effect of the hydroxyl ions is 
antagonised by the combined effect of all the metallic cations present: 
of these cations magnesium is the most important, since it has a 
high antagonistic effect against hydroxyl ions and also prevents the 
calcium in the sea water from giving a brittle granular precipitation 
xsithin the matrix. All these facts find their parallel with casein 
membranes. 

The facts as analysed in this way must not disguise the existence 
of others less easily interpreted. Firstly, although magnesium is a 
much more powerful antagonist to hydroxyl ions than sodium, it 
cannot completely stabilise the cell membrane : sooner or later in a 
solution of urea and magnesium the cell matrix becomes instable; 
the latter is only completely stable when sodium, potassium, mag- 
nesium and calcium are present in the proportions in which they 
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occur in sea water — and one type of ion cannot completely coni- 
ensate for the absence of another (cf. also Galtsoff, 1925). 
Secondly, there is a marked biological difference between potassium 
ions and sodium ions which is not apparent in inanimate systems. 
Whereas the presence of sodium and magnesium ions mil render the 
matrix comparatively stable, the substitution of Mj2 KCl for 
li/2 NaCl renders the matrix instable even in the presence of 
relatively high concentrations of magnesium ions. Thirdly, the cell 
matrix becomes instable in the absence of oxygen (as in Ctenolabrus 
ecrgs (Loeb, 1905), or in the presence of CO 2 (Loeb) or of certain drugs 



C 


Fig. 38. 


Effect of O, lack on cleavage planes of Ctenolabrus. Note the disorganisation 
of the hyaline phase into discrete globules. (From Loeb.) 


(Carter 1926) and these reagents are apparently without action on 
inanimate systems. Although these facts may eventually be found to 
have a comparatively simple physical explanation, for the moment 
it is necessary to be cautious before accepting too readily the concep- 
tion that the stability of the periphery of the ceU is solely deternnned 
by factors which also operate on inanimate membranes, e ha\ e 
considered the special case of MytUus cells in some detail, since it 
appears to form a striking case in which the action of ^ 

biological system runs parallel to their action on other coUoidal 
systems. The analysis is, however, open to criticism in that it is a 
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special case. In fact, avc know that however efficient magnesium 
may be as a stabiliser of cell membranes in Mytilus it is not efficient 
lEg case of other tissues. In F'lifid'uTus^ echinoderm lar\ ae, and in 
Spirogyra, calcium alone can stabilise the cell surface. These ex- 
ceptions do not, however, invalidate the argument. We have seen 
that the union of calcium with the cell surface is inhibited by 
magnesium in the case of Hytilus, because the latter metal reduces 
the ionisation of the surface to a very low level. If, howerer, the 



isoelectric point were different, it might well be that even in the 
presence of magnesium the surface would bear an electro-negathe 
charge. In this case calcium ions in the sea water would react rvith 
the matrix to form a stable compound. In other words a matrix of 
a calcium compound, similar to those which apparently exist in 
echinoderms and in Fundulus, would be formed. Further, this type 
of membrane might wxll occur in the case of tissues normally in 
equilibrium mth waters containing little or no magnesium. The 
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calcium type of matrix can thus be very simply derived from the 
more generalised colloidal type such as exists in Mytilus. It might 
be suspected that the calcium type of matrix would occur in the case 
of fresh-water organisms and this is supported by Benecke’s (1898) 
experiments with Spirogyra. Such membranes in the case of marine 
animals must, however, resemble those of casein, in that when in 
combination with calcium they still retain a certain degree of co- 
herence. In the case of animals living in more acid environments 
calcium would not form basic compounds so readily, but would tend 
to do so if the waters became more alkaline. 

The evolution of intercellular secretions may perhaps be depicted 
as follows: 

Table XVIII 


Hyaloplasmic layer of mucoid protein 



E.g. matrix 
of freshwater 
algae, etc. 


Diagram illustrating the possible relationships between different types 
of intercellular matrices. 
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It should perhaps be mentioned that the above analysis differs 
somewhat from the currently accepted explanation of the effect of 
salts on the stability of cell surfaces. According to R. S. Lillie (1906), 
the surface layers of the cell consist of a calcium compound of an 
organic radicle; if the cell is exposed to pure sodium chloride 
solution, this calcium compound undergoes double decomposition 
with the formation of a soluble sodimn salt. The inadequacy of this 
suggestion is seen from the fact that the cell surface is often instable 
in the absence of electrolytes, and it ignores the fact that the prime 
factor in dispersing the matrix is the hydroxyl ion. 

Two further points may be noted. Firstly, the effect of ions on 
the stability of the cell surface offers no real evidence for antago- 
nistic action between metallic ions. In their electrostatic effect all 
ions act in essentially the same manner — viz. all cations antagonise 
the hydroxyl ions — but, except in the case of the hydrogen ion, all 
the monovalent ions are much less efficient than the divalent ions. 
Secondly, we reach an important problem which will be discussed 
in a later chapter, but which must here be mentioned. The surface 
of living cells is not freely permeable to electrolytes and the work 
of Osterhout (1906) has shown that the factors which affect this 
impermeability are closely parallel to those which are here shown to 
be concerned with the mechanical stability of a protein gel. Since, 
however, protein gels, however coherent, are freely permeable to 
electrolytes, one must conclude that the mechanism responsible for 
cell impermeability is not simply the gel condition of the hyaline 
surface, but that probably in this gel there is embedded another 
mechanism wdiich is responsible for the slow rate of penetration of 
electrolytes into the living cell. 
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CHAPTER SEVEN 


The Nucleus 


The nucleus is one of the few visible structures common to the 
great majority of living cells, and the changes which it undergoes 
during the life of the cell are more obvious and more precise than 
those exhibited by any other cell constituent. In the great majority 
of cases the nuclei of living animal cells are optically homogeneous 
except for the presence of definitive nucleoli. The typical nucleus, 
Avhen ^dewed by transmitted light, is a clear spherical or ovoid body 
whose position in the cell is relatively constant. When viewed by 
reflected light, or even on a dark field with intense lateral illumina- 
tion, a healthy nucleus as a rule exhibits no internal structure. 
Obvious examples of homogeneous nuclei are provided by the eggs 
of sea urchins (Albrecht, 1898); the skin cells of Triton (Gross, 191T), 
tissue-culture cells (Lewis and Lewis, 1924), and the numerous nuclei 
examined by Chambers and Renyi (1925). A few exceptions to this 
rule should perhaps be mentioned. In 1917 Gross described a 
granular structure in the nuclei of the living cells of the salivary 
glands of Limriea and Unio, and a similar appearance was identified 
in the nuclei of the red blood corpuscles of Triton by Commandon 
and Jolly (1918, 1918). According to Shiwago (1926) the nuclei of 


Pig. 40. Shoving structure of nucleus and course of mitosis in living plant cells. 
(From Martens, 1927.) 

1. Early prophase: Imng nucleus. 

2- The same nucleus as in 1 after fixation. 

3. Li\nng nucleus from cell of Listera ovata. 

4. Spireme in liAung nucleus of Arrhenatherium. 

5. Two chromosomes from 4 after fixation. 

6. End of prophase in Arrhenatherium i living nucleus. 

7. Same nucleus as 6, three minutes later. 

8. Same nucleus as 6, 7, five minutes after 6. 

9. Same nucleus as 6-8, ten minutes after 6. 

10. Anaphase after fixation and staining. 

11. Anaphase from living cell. 

12. End of anaphase, from living cell. 

13. Beginning of telophase, from living cell. 

14. Late telophase, from living cell. 




1-22 NUCLEUS 

the leiicncn tes of the frog contain a series of fine but distinct inter- 
laciiis filaments not unlike that described by Faure-Fremiet (1910) 
in ccrtai!! infusorian nuclei. 

S^nce ail tiuclei exliibit a visible granular or fibrillar structure after 
’ -v- Vve fixation it is generallv supposed that the structures seen 
hnireserved preparations or in moribund nuclei are to be regarded 
• 1 ^; prrf'h’ artificial products of coagulation, which cannot be corre- 
Viieil with the fundamental structure of a Imng nucleus. This view, 

• h many years ago by Hardy (1899), is now accepted by 

t’ e snnioritv of animal cvtologists (Champy, 1918, Policard, 1922; 
I’l-wis and Lewis. 1924 ; Chambers and Renyi, 1925; Schitz, 1925; 
Burrows, 1927 ). See, however, B6Wr (1928). 

Among plant cvtologists, however, there appears to be some 
difference of ojiinion and the essential homogeneity of the inter- 
kinetic nucleus has been questioned by Martens (1927). According 
to IMarter.s. the normal uninjured nuclei of the cells of the stigma 
of 'jn-keiwUieman elatins show a distinct intranuclear structure; 
iiinnerous granules are visible which are attached to each other by 
extremely "fine threads, thereby forming a loose network of inter- 
lacing fibrils throughout the nucleus. When the cell is fixed by 
BouirC s fixative, no change occurs in the distribution of either the 
chromatin granules or of the interlacing linin threads; both struc- 
tures simply become more ob^uous to the eye (fig. 40). From careful 
observations of this type, Martens concludes that linin threads and 
chmniatin granules probably have a real existence in all interkinetic 
nuclei, although in many cases their refractive index is so close to 
that of the nuclear sap as to render them invisible in life. It hardly 
seems reasonable, however, to believe that there should he three 
nuclear coiupoiieiits all with indices of refraction almost identical; 
further, in those cases where the nuclear matrix is composed of a fluid 
\nth low viscosity (e.g. the nuclei of invertebrate oocytes — see below ) 
the intrinsic probabilities are against the existence of a solid network. 
If Martens’ observations are correct — and there is no reason to 
suggest the contrary — ^then in the case of the nuclei of Arrhena- 
1 her him the whole of the coagulable part of the living nucleus is 
alreadv in a relatively high state of aggregation, otherwise the 
addition of fixatives would increase the number or size of the solid 
granules seen in the nucleus, and this does not appear to be the case. 
In most animal cells, however, we may suppose that the normal 
degree of aggregation of the colloidal constituents is very much less, 
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and that these elements are so highly dispersed as to render them 
bevond the limits of optical resolution. 

When an apparently homogeneous nucleus spontaneously gives 
rise to a series of discrete chromosomes, some form of molecular 
aggregation must occur, and in all cells there comes a time during 
the prophase of mitosis when these aggregations become visible in 
the living cell and are the obvious forerunners of the chromosomes. 
In a very crude, yet justifiable way, we can look upon cliromosome 
formation as an increase in the degree of aggregation of certain 
unclear constituents, so that sooner or later more than one nuclear 
phase becomes visible to the eye. The same thing occurs in fixation, 
so that this process will always give a relatively faithful picture of a 
li^dng structure, if that structure is already in a state of considerable 
aggregation; this is probably the case in all cells during the closing 
stages of the prophase, and is always the case for the nuclei examined 
by Martens. The only real ground of divergent opinion covers the 
differential effects produced by different types of fixative. If the 
visible effect of fixation were always the same it might be possible 
to agree with Martens that chromatin granules and linin threads are 
present in a very finely dispersed state in all nuclei, but this is by 
no means certain (see p. 40). 

Before proceeding further it is useful to bear in mind that an 
optically homogeneous nucleus is periodically resolved into a 
system of concrete units (the chromosomes), whose number and form 
are specific for each organism ; further, the chromosomes themselves 
can be further resolved into a series of biological units whose role 
in the transmission of hereditary characters can be accurate!}^ 
deliminated. Whatever be the true nature of genetical units, it is 
difficult to avoid the conclusion that they are represented in a 
chromosome by a physical organisation of high complexity. Since 
nearly all interkinetic nuclei are derived from and give rise to specific 
aggregates of chromosomes, it seems unreasonable to deny to the 
interkinetic nucleus a fundamental structure of very considerable 
specificity and complexity. Presumably, biological structures of 
this type must be based on physical or chemical heterogeneity 
between different regions of the chromosome or nucleus. Unfor- 
tunately, the physical units which underlie the fundamental bio- 
logical structure are not aggregated together in sufficient masses to 
enable us to resolve them even with the most efficient optical 
appliances. In short, in both nucleus and cytoplasm we encounter 
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the same paradoxical divergence between our ideas of biological 
et)mplexity and our conceptions of optical or physical homogeneity. 
The pro]3lem of the nucleus is even more striking than is the case 

cytopiasriij since the biological constitution of the nucleus is 
known with much greater accuracy than is that of the cytoplasm, 
whilst at the same time its optical homogeneity is often very clearly 
defined. 

It is obvious that an intranuclear architecture of considerable 
complexity might exist within an optically homogeneous system, if 
the system had the properties of a solid gel; if a living nucleus 
r> a continuous solid phase, one might imagine that included 

phases even of molecular dimensions were prevented from under- 
going a random distribution by their inability to move through the 
meshes of the continuous solid phase. The earliest attempts to deter- 
mine the physical state of living nuclei (Kite, 1913) led to the belief 
tliat nuclei were, in fact, solids which could be cut into discrete 
fragments. Peebles in 1912 reported that the macronucleus of 
Parainecium resembled a stiff jelly, but at certain periods of the life 
iiistor}' the gel was liquefied lea\dng, however, always a solid mem- 
t}raiie at the surface, ilore recent observations, however, have cast 
considerable doubt on the solid nature of the nucleus. Chambers 
(10241 has shown that fluids can be injected into the living nucleus 
witiicmt the formation of distinct vacuoles, and that microdissecting 
!ieedles move through the nucleus without leaving any evidence of 
>liearing stresses. That the large nuclei of the oocytes of Asterias or 
o£ Echinus are undoubtedly composed of a fluid is seen very clearly 
from the behaviour of the included nucleoli (Gray, 1927). The 
nucleoli move freely tlirougli the nucleus and always orientate them- 
selves in respect to gravity by coming to rest on the floor of the 
niicleiis. The A’elocity of movement of the nucleoli, is readily ob- 
servable although in absolute units it is very slow: viz. 1*5 mm. per 

jiir, which probably indicates a viscosity about twice that of water. 

If we can judge the concentration of solid matter within a living 
liucleus by the intensity with w^hich it absorbs nuclear stains, it 
would appear that large nuclei, w^hich are quite clearly largely com- 
posed of a fluid material, contain nucleo-proteins in a more dilute 
or more highly dispersed condition than do the smaller but more 
compact nuclei characteristic of somatic cells. It would seem 
premature to assume that all nuclei are essentially fluid masses in 
the sense that their continuous phase is a liquid wherein the solid 
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phase is dispersed ; it is more likely that in some cases the solid phase 
or phases are aggregated to give a continuous phase, just as in the 
case of a relatively strong solution of gelatin. 

All adequate analysis of the physical states Avithin a nucleus is 
hampered by the fact that any severe disturbance of the c}i;oplasm, 
or ei-en of the surface of the cell, rapidly involves profound changes 
in the nucleus. This is particularly clear from the experiments of 
Chambers (1924). Chambers found that if a nucleus be removed from 
an echinoderm egg it either swells up until it bursts or it becomes 
coagulated and can then be cut into separate fragments. Rough 
handling vdll also produce coagulation (see also p. 130). It seems 




Fig. 41. Lateral view of oocyte of Echinus showing in A the position of equilibrium 
of the nucleolus ; B shows the path followed by the nucleolus after rotating the ooGjiie 
through 180° on a horizontal axis. (From Gray, 1927.) 

clear that whether the nuclear matrix be liquid or solid it represents 
a highly instable system whose physical state is changed much more 
readily than is that of inanimate colloidal systems, mth the possible 
exception of the gels described elsewhere (see p. 57). 

The ease with which a nucleus will pass into a solid state or yield 
solid derivatives (chromosomes) has sometimes been associated with 
the properties of nucleic acid. Mathews (1915) put forward the 
ingenious suggestion that the gelatinous condition of typical chromo- 
somes is due to the power possessed by certain salts of nucleic acid 
to exist in the gel state ; Chambers also associates the rapid post- 
mortem gelation of injured nuclei with similar substances. It is 
quite true that a 1 per cent, solution of the sodium salt of thymus 
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nucleic acid forms, in the cold, an elastic gel. This gel is, however, 
heat reversible, whereas when nuclei and chromosomes are exposed 
to high temperatures they coagulate irreversibly. Further, the 
chromosomes of plants are similar to those of animals in their 
physical consistency (Chambers and Sands, 1923); yet the nucleic 
acid of plants does not jdeld a reversible gel with sodium hydroxide; 
plant chromosomes must owe their consistency to some other cause 
than the gelatinising properties of the salts of nucleic acid. As vdth 
protoplasm, we can only ascribe to nuclei the properties of a highly 
instable and delicately poised system, whose instability is probably 
an essential feature of the living state and which finds no adequate 
parallel in inanimate systems. 

Chem ical propeHies of the nucleus 

The chemical composition of the nucleus was first investigated by 
Miescher in 1876. It had long been known that living tissues con- 
tained considerable quantities of phosphorus, and that this was 
present in at least three forms, (o) as inorganic phosphates, (6) in 
organic union with fatty substances, such as lecithin, (c) in union 
with protein substances. Miescher found that this third fraction 
could be extracted in large quantities by means of dilute alkali from 
the cells found in pus. He concluded that it was derived from the 
cell nuclei, since pus cells have large nuclei and but little cjdoplasm; 
he called it nuclein. This body'’, which contained from 0’9 to 4 per 
cent, of phosphorus, was quickly found to be present in all ceUs 
containing large nuclei; e.g. spermatozoa, spleen cells, and yeast. 
In 1887 Altmann found that by treating nuclein with pepsin, an 
organic acid containing 8-9 per cent, of phosphorus could be ob- 
tahied, and this he called nucleic acid. By suitable technique an 
almost pure suspension of nuclei can be obtained from the heads of 
ripe spermatozoa and these have been analysed. In every case they 
have been found to consist of nucleic acid in association with a basic 
protein or protamine. As far as can be Judged by direct analysis the 
nucleic acid of all animal nuclei has the same composition and 
properties irrespective of its origin. 

Animal nucleic acid consists of four hexose molecules, associated 
Avith two pymamidine, and four phosphoric acid radicles. The nucleic 
acid of plants, however, differs in its carbohydrate radicles from that 
of animals. So far, no conclusive proof has been given that nucleic 
acid occurs in the cell outside the nucleus ; the yield of nucleic acid 
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from any given tissue is roughly proportional to the volume of the 
nuclei present — see Table XX (Whiteside, 1923). 

Although it looks as though all the nucleic acid derived from 
animals has the same general composition and properties, there is a 
certain degree of variation in the basic substances with which the 
acid is associated. Sometimes the basic constituents of the nucleus 


Table XIX 


Source of nucleic acid 

% composition 

Carbon 

Hydrogen 

Nitrogen 

Phosphorus 

Sperm of 

36-3 

5’0 

16-0 

8*1 

Sp ‘1 of Maranoesox 

37-5 

4-4 

16*0 

9-7 1 

Human placenta ... j 

37-4 

4-3 

15-0 

9-7 


Table XX 


1 Tissue 

j 

Average vol. 
of cell in /jl^ 

Average vol. 
of nueleus 

Vol. of nucleus 
Total vol. of cell ^ 

% yield 
< 100 of nucleic 
acid 

Liver 

2803 

1210 

4-32 

0-7 

Pancreas 

1521 

67-9 

4*46 

0*8 

Thyroid 

1242 

1440 

11-5 

1 M 

, Thymus 

216 

48-0 

22-0 

: 3-1 


Table XXI 


% amino acids in 
protamines 

Arhacia 

Salmon 

i 

Alanin 

6-8 

j 

Serin 

— 

32 1 

Valin 

— 

1-6 ! 

Arginin 

88-9 

S8-9 

Prolin 

3-8 

4-3 


are proteins, but in the case of spermatozoa they are always of the 
protamine type. If the constituent amino-acids which form the 
protamines (of the nucleus in the spermatozoa) in the sea urchin 
Arhacia be compared with those of the salmon, it will be seen that 
the chemical composition of the nucleus, at present, gives no ade- 
quate picture of the biological complexity of the structures so closely 
associated with heredity (Table XXI). 
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It is conceivable that the marked biological differences between 
the nuclei of different animals are to be associated with isomeric 
differences in the composition of individual nucleic acids or of the 
bases with which they are associated. As was originally pointed out 
by Miescher, there are almost unlimited possibilities for isomerism 
with molecules of these dimensions. At present, how^ever, the 
chemical evidence does little more than sound a note of warning to 
those who are inclined to regard the nucleus as a heterogeneous 
collection of units, each of which has a specific chemical constitution. 
The specificity of a nucleus is more likely based on specificity of 
structure than of composition; a Ford motor car and a Rolls-Royce 
motor car have approximately the same composition — ^their essential 
differences depend on the form and orientation of parts whose 
chemical nature is only of secondary significance. 

The universal presence of nucleic acid in animal nuclei leaves little 
doubt that this compound is essentially the same as the ‘ chromatin’ 
of histologists. Free nucleic acid has just those affinities for basic 
stains as are characteristic of chromatin, and the variation in the 
staining properties of the kinetic nucleus are paralleled by the 
staining properties of nucleic acid wffien saturated to varying degrees 
by combination wdth basic proteins. The evidence supporting an 
identity of chromatin and nucleic acid is greatly strengthened by the 
recent work of Feulgen and others. If a tissue be exposed for a 
suitable time and at a suitable temperature to a solution of mineral 
acids the distribution of chromatin can be detected by subsequent 
staining with acid fuchsin. As already mentioned, Voss (1925) inter- 
prets this technique as a preliminary acid hydrolysis of nucleic acid 
whereby aldehyde groups are set free in the localised regions originally 
occupied by nucleic acid, whilst the subsequent staining with fuchsin 
containing SO 2 is identical with Schiff’s colour reaction for aldehyde 
groupings (see p. 84). If accept Feulgen’s technique as a 
specific indication of the presence or absence of nucleic acid, it seems 
certain that neither nucleic acid nor nucleo-proteins occur in the 
cytoplasm of normal cells, except in those cases where 'chromatin’ 
is extruded from the nucleus at particular cycles of cell-activity 
(e.g. ooc 3 i:es of molluscs, arthropods). 

The cyToplasm of the anucleate Cyanophyceae presents an in- 
teresting problem. In a recent study of Nostoc, Mockeridge (1926) 
has shown that although nucleic acid cannot he detected as such 
within the cells, yet all its typical derivatives are undoubtedly 
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present. All tests for nucleic acid proved negative, but the radicles 
of phosphate, pentose, adenine, guanine, cytosine, and uracil were 
found in quantities sufficient to allow of definite identification. How 
far the condition in Nostoc is to be regarded as a primitive state 
"vrUch phylogenetically preceded the formation of a definite nucleus 
containing synthesised nucleic acid, or how far the Cyanophyceae 
are to be looked upon as a degenerate group where ‘primitive’ 
nucleic acid is no longer formed, is unknown. 

Biological properties of the nucleus 

For many years considerable interest has been associated with the 
problem of how far the presence of the nucleus is necessarily asso- 
ciated with the normal functions of the cell. The experimental 
difficulties associated wdth this work are considerable, since it is 
usually impossible to remove the nucleus from a cell vnthout 
causing extensive damage to the whole system. Certain cell func- 
tions can undoubtedly continue more or less unchanged in the 
absence of the nucleus : an enucleated nerve will continue to conduct 
a stimulus, and both ciliary (Peter, 1899) and amoeboid movements 
continue for a considerable period. There is, in fact, no evidence that 
the nucleus plays any essential role in the processes of stimulation, 
conduction, or contraction. Nor is the nucleus necessary for the 
Bormal osmotic properties of the cell surface ; enucleated fragments 
of echinoderm eggs exhibit the same osmotic relationships as 
complete eggs. 

To what extent the nucleus plays an essential role in the metabolic 
processes of the cell is a matter of some doubt. That it is not entirely 
inert is certain, but in estimating the value of experimental results, 
it must be borne in mind that the injury inflicted to a cell by removal 
of the nucleus may in itself have profound metabolic results. That 
injury to the cell rapidly induces changes in the nucleus was observed 
by Chambers (1924) in the male germ cells of insects {Dissosteira 
Carolina). The normal nucleus lies more or less in the centre of the 
cell and is uniformly hyaline in appearance. Any form of mechanical 
injury to the cell, however, soon induces the formation of intra- 
nuclear granules and filaments apparently similar to the chromatin 
granules and linin threads seen in preserved material. Again, if many 
tissues are stained intra-vitam with methylene blue, the stain never 
enters a living nucleus but remains in the cytoplasm : if the cell is 
injured the stain very readily enters the nucleus which stains much 
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more intensely than the cytoplasm. A similar phenomenon ^vas 
observed bv Osterhout (1917). The cells of Monotropa uniflora con- 
tain a colourless chromogen which darkens in the presence of oxygen. 
In the livino- cell the nucleus is quite colourless, but if the cell be 
iniured the darkening of the chromogen is first seen m the nucleus. 
These facts suggest the need for caution m the use of evidence 

derived from injured cells. , . , 

One of the clearest proofs of the part played by the nucleus in the 
cell is that -riven bv the well-known experiments of Townsend (1897), 
in which he showed that enucleated fragments of the protoplasm of 



Pio- 42. Illustrating the effect of mechanical injury on living nuclei. 

GrouT) of normal spermatogonia of -Dissosieira. . , , , 

I b Onrspermatogonium has been seized by a needle Note the coagulation of all 
the nuclei, and the disintegration of four cells. (From Chambers, 19-4.) 


roothairs in Marchantia fail to form a new cellulose wall unless in 
organic connection with another fragment containing a nucleus 
Verworn (1889) states that an enucleated Amoeba loses the power of 
di-resting fragments of food, although the powers of ingestion are not 
lost. According to Lynch (1919) an enucleated fragment of Amo* 
is able to make use of glucose as a source of food, but unlike tie 
whole organism is unable to synthesize nitrogenous compounds from 
glucose and urea. All these results seem to indicate that the nuclem 
is possibly associated with the anabolic powers of the cell. This is in 
keeping with the fact that a fragment of maeronucleus is neeessai) 
for the regeneration of fragments of Stentor (Lillie, 1896). 
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]>Junierous workers have from time to time suggested that the 
nucleus is closely associated with the respiratory activity of the cell. 
This view was first put forward by Spitzer (1897) and was supported 
by R. S. Lillie (1902, 1913), Loeb (1899), and Mathews (1907). 
Loeb (1899) showed that during mitotic division the mass of the 
nuclei in a tissue may increase considerably and that this did not 
occur in the absence of oxygen. It therefore looked as though oxygen 
were necessary for nuclear synthesis. R. S. Lillie (1913) based his 
conclusions on the fact that when cells are placed in a mixture of 
para-phenylene-diamine and c-naphthol, the indoplienol formed is 
aggregated at the surface of the nucleus. In 1910 Warburg showed 
that whereas the nucleated red blood corpuscles of birds possess a 
fairly high level of respiration, those of the mammals which ha\'e 
no nucleus have a very low respiratory level. On treating bird 
corpuscles in such a way as to isolate the nuclei, the latter were found 
to retain a moderate power of respiration, w^hereas the remainder of 
the cell absorbed little or no oxygen. It may be doubted how far any 
of these arguments are convincing. If the nucleus is essential for 
respiration, enucleated fragments of Amoeba should be quite inde- 
pendent of the presence of free oxygen, and binucleate cells might 
be expected to have an abnormally high oxygen consumption: 
neither of these conclusions are supported by facts. Warburg's 
experiments are not quite conclusive, since they do not show that 
the oxygen absorbed by the extracted nuclei is not similar to the rise 
ill oxidation produced by injury; in other words, it is by no means 
clear that the oxygen absorbed by isolated nuclei is really part of the 
normal respiration of the cell and is not simply a pre-mortem phe- 
nomenon. Further, if the nucleus is intimately associated with 
oxidation, it is curious to find that the latter is independent of the 
presence of a nuclear membrane, since cells in which active mitosis is 
taking place have the same order of respiratory level as cells in which 
the nucleus is bounded by a membrane (Gray, 1925). 

There is, however, one other type of evidence which indicates that 
the nucleus is associated with cell-metabolism. In certain glands, 
notably the spinning glands of insects, the cells have much branched 
nuclei whose form is said to change with changes in the secretory 
activities of the cell. Similarly, Conklin (1924) found that the size 
of the nuclei in the liver cells of Crepidula varied with the degree of 
secretory activity. A cell filled with secretory products has a nucleus 
only one-quarter the size of a cell containing little or no secretion. 


9-2 



132 


NUCLEUS 


The relaiionsliip between the nucleus and the cytoplasm 

The experiments of Lillie (1896) and of Townsend (1897) show that 
the presence of the nucleus exerts a definite effect upon the acti\dtT 
of the cytoplasm; it is equally true that the c>d:oplasm exerts an 
influence on the nucleus. In some eggs one of the polar bodies is not 
formed until the sperm enters the cytoplasm: as soon as this occurs, 
the polar body is thrown off, although the male pronucleus lies 
dormant during the process. In the hybrid Echinus $ x Mytilus $ 
the female pronucleus is thrown into a state of activity, although 
the sperm nucleus degenerates. These facts suggest that the act of 
fertilisation causes a change in the cytoplasm which then induces 
changes in the nucleus. It has already been noted that substances 
may pass out of the nucleus into the cytoplasm, and it appears that 
the converse may be true. Danchakoff (1916) describes the passage 
of a chromatin-like substance from the cytoplasm into the nucleus 
of Asierias eggs. 

In 1892 Sachs stated that the size of a meristematic cell in plants 
bore a constant relationship to the size of the nucleus; and in the 
following year Strasburger (1893) arrived at the same conclusion. 
A few years later, this relationship was investigated in animal cells 
by Hertwig (1908) and by Mnot (1908), both of whom drew different 
conclusions as to its significance. Both agreed that the ‘ Kernplasma- 
relation’ was of fundamental importance, but w^hereas Hertvig 
believed that a relative increase in the size of the nucleus was asso- 
ciated with the onset of senescence, Minot believed that the ageing 
of the cell ^vas associated with a relative increase in the size of the 
cytoplasm. That there is usually a rough correlation betw^een the 
size of the nucleus and the size of animal cells was shown by Boveri 
(1905); enucleated fragments of echinoderm eggs, when fertilised, 
yielded blastulae with a normal number of cells, but each w^as half 
the normal size, and of course each nucleus contained only half the 
normal number of chromosomes. Similar results were obtained for 
the cells of the frog by^ Brachet (1910) and Herlant (1911). 

In spite of a good deal of research, no general conclusions are 
available as to the theoretical significance of the kernplasma- 
relation. Popoff (1908) found that during the growth of Protozoa 
the nucleus grows less rapidly than the cyrtoplasm, so that the 
ratio K'P becomes less. This state of affairs leads to a condition 
wherein the volume of the cytoplasm begins to exert a ‘ cytoplasmic 
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strain’ on the small nucleus. At this stage the nucleus begins to 
OTOW rapidly and cell division occurs. When the nucleus has under- 
gone mitotic division the combined volume of the two newly 
constituted daughter nuclei is considerably larger than that of 
the original nucleus before cleavage, so that the value of N/P for 
newly divided organisms is larger than that of the parent individual 
and the ‘strain’ is removed (see also p. 272). That the combined 
volume of two newly formed daughter nuclei of segmenting eggs of 
echinoderms may be considerably larger than that of the original 
parent nucleus was also observed by Loeb (1910), who regarded the 
niitotic phase as one of nuclear synthesis. Loeb suggested that the 
nucleus was built up from a compound of glycero-phosphoric acid 
and lecithin in the cytoplasm, which became incorporated into the 



rig. 43. Graph showing the relative growth of nucleus (a) and cytoplasm (6) between 
two successive divisions of Frontonia. The volume of both nucleus and C5i:opIasm is 
doubled between each division, but until immediately before division the relative rate 
of growth of the nucleus is much lower than that of the cytoplasm. (From Popoff.) 


nucleus whenever the nuclear membrane broke dovm. Fam^e- 
Fremiet (1918) failed, however, to find any change in the lecithin 
content of Ascaris eggs during segmentation. 

A more general study of this problem, however, soon showed that 
nuclear growth during mitosis is a very variable phenomenon. In 
the eggs of Cynthia it is very slight (Conklin, 1924), in Vespertilio 
murinus it is entirely absent during the earlier cleavages. Even in 
ecliinoderm eggs (Table XXII) the work of Godlewski (1908) shows 
that the volume of the nucleus does not increase in geometrical 
progression with each successive division as Loeb supposed. 

The value of such determinations is, however, limited by the fact 
that observed changes in the volume of the nucleus do not dis- 
tinguish between a real synthesis of intranuclear material and an 
absorption of water. Both Masing (1910) and Schackell (1911) failed 
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to find any appreciable change in the nucleic acid content of echino- 
derm eggs between fertilisation and the development of the blastula. 
Again, Erdmann (1908) found that the rate of increase in the total 
volume of the chromosomes was considerably less than the increase 
in the total volume of nuclei (see also p. 271 seq.), A valuable 
review of the facts which bear on the problem of the nucleo-cyto- 
plasmic ratio will be found in Faure-Fremiet’s (1925) text book, 
p. 72 seq. 

An attractive hypothesis of nuclear-cytoplasmic relationship has 
been put forward by Robertson (1923). The process of grovlh is 
held to depend upon the concentration of an autocatalyst whose 
distribution is effected by the breakdown of the nuclear membrane. 
•'During the periods between nuclear division, each nucleus retains 
the charge of autocatalyst with which it was originally provided, 
and adds to it in the course of nuclear sjmthesis which is rendered 


Table XXII 


State of cleavage 

Nuclear volume 

Zyo'ote 

1,300 

1st cleavage 

1,582 

2nd „ 

1 2,084 

5th ,, 

19,938 

Otli „ 

30,262 


possible by its presence. At the next division the autocatalyst is 
shared between the nuclear materials and the surrounding medium 
in a proportion determined, in part by its relative solubility in the 
two media, and in part by its affinity for chemical substances within 
the nucleus. At the end of this redistribution the autocatalyst stands 
in equilibrium between the external solvent or pericellular medium 
on the one hand, and on the other hand the nuclear substances with 
which it combines or in which it is dissolved. The nuclear membrane 
is then reformed, and the autocatalyst within the nucleus is again 
shut off from dispersal into the surrounding medium until the 
occurrence of the next succeeding division.” It has been pointed 
out (Gray, 1925) that such a cycle of nuclear activity is not in har- 
mony with observed data, unless the process of growth is entirely 
independent of all oxidative changes in the cell. For Robertson^s 
views on the relation bet^ween the kernplasma-relation and cell- 
differentiation the original monograph should be consulted (1923). 
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The role of the nucleus during development 

The inheritance of paternal characters has long suggested that the 
process of cell differentiation in a developing organism is to some 
extent controlled by the constitution of the two parent nuclei, since 
the possession of a nucleus and the ability to transmit hereditary 
characters are almost the only factors common to the ovum and 
spermatozoon. Further, there is every reason to believe that specific 
differences can exist in the homologous chromosomes of gametes 
at maturation and that these differences are the cause of specific 
differences in cell differentiation at an early or late stage in the 
deTelopment of the organism. The establishment of these facts 
should, however, not be allowed to mask the significance of other 
data. 

In 1885 Weismann put forward his well-known hypothesis as an 
attempt to correlate the facts of heredity with the process of cell 
differentiation. He suggested that the nuclei of the germ cells 
contained all the factors necessary for complete differentiation. By 
successive nuclear divisions these factors were gradually segregated 
from each other, so that each type of somatic cell eventually con- 
tained nuclear characters different from any other type, and 
these characters controlled the ultimate differentiation of somatic 
cells. Definite experimental work, however, soon threw considerable 
doubt on this conclusion. Driesch (1900) proved that a complete 
larva can arise from isolated blastomeres of a sea urchin egg. 
Hertwig (1893) showed that when a frog’s egg develops under 
pressure and is subsequently released, a normal embryo develops, 
although certain of the nuclei have been forced into different regions 
of the larva. Driesch performed similar experiments with sea urchin 
eo-cys. and both he and subsequent workers have confirmed Hertwig’s 
results. It is, therefore, impossible to assume that successive miciear 
cleavages involve the segregation of specific characters during de- 
velopment. It might, however, be argued that at least the first three 
divisions of the sea urchin egg are morphologically equivalent, since 
the blastomeres are all of approximately the same size, and that 
nuclear differentiation in these forms is deferred to a later stage. 
This criticism cannot be applied to the case of Nereis which vras 
investigated by Wilson (1896). In this case the third division of the 
normal egg separates off four granular micromeres from four larger 
macromeres and only the latter contain oil drops. These four basal 
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cells can be recog’vlsed in the larva for a considerable period and 
they alone eventually form the archenteron. If any nuclear differen- 
tiation occurs during development then, at the third cleavage, there 
must be four macromerie nuclei containing endodermic characters 



Fig. 44. Effect of pressure on the segmentation of Nereis eggs. 1, Normal 4-celI 
stage; 2, normal 8-cell stage with the first quartet of micromeres lying above the 
basal quadrant; 3, young trochophore showing four entomeres surrounded by the 
twelve cells of the prototroch; 4, 8-cell stage produced under pressure, the dotted 
lines show the outlines of the 8 micromeres which form after the release of the pressure. 
(From Wilson, 1896.) 

(in addition to other characters segregated in later quartets of 
micromeres), and four micromeric nuclei containing no endodermic 
characters. Wilson showed, however, that if subjected to pressure 
the third cleavage can give rise to a flat plate of eight cells, instead 
of two tiers each of four cells. On releasing the pressure some of 
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these eggs divided so as to give two tiers of eight cells each. The larger 
tier consisted of typical endodermic cells containing oil drops, and 
the smaller tier of typical granular micromeric cells. Some of these 
larvae develop, and are normal except for the fact that the archen- 
teron is formed from eight instead of from four macromeres. The 
niosaic theory of nuclear cleavage demands that in the normal egg 
the third division produces four cells free from endodermal characters, 
vet under experimental conditions it is obvious that this is not the 
case, since eight nuclei are capable of differentiation into endoderm 
cells. These experiments were repeated by Morgan (1910), who 
pointed out that the larvae obtained were not absolutely normal 
but the fact remains that eight endodermic cells may be produced 
by differential cleavage, whereas the mosaic theory of normal 
development only provides for four. 

The attempt to correlate the biological conception of nuclear or 
chromosomal differentiation with the limited physico-chemical data 
at our disposal is obviously a depressing task. The theory of in- 
heritance leads to a picture of chromosomal structure which is as 
clearly defined and as strongly established as any biological con- 
ception can hope to be ; any physical conception of the nucleus must 
cover the biological facts if it is to be of any use. Try as we vill, 
it seems impossible to point to any inanimate system (endowed with 
the known chemical or physical properties of the nucleus) which in 
any real way possesses the requisite complexity whereby it might 
reflect even feebly the biological facts. Much that has been written 
concerning the structure of protoplasm applies with equal force to 
the structure of the nucleus ; and as in other cytological problems 
the gulf between biology and physical chemistry is certainly no 
narrower than is usually supposed. 
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CHAPTEE EIGHT 


Mitosis 


The first observations of the living nucleus in a dividing cell were 
made, about 1850, on the oocytes of invertebrates. In the immature 
condition, these cells are characterised by very large conspicuous 
nuclei, which can easily be seen under low magnifications. As soon 
as maturation begins, the outline of the nucleus disappears and is 
not again visible until segmentation into two daughter cells has 
occurred, when a small definitive nucleus can be seen in each cell. 
Jlost of the earlier observers were agreed that, prior to each cell 
dhision, the nucleus disappeared in toto and a new nucleus was 
reformed de novo after each segmentation. When, however, it 
became possible to preserve the eggs with osmic acid or other 
fixative, and to apply a differential method of staining, the apparent 
disappearance of the nucleus, prior to cell di\dsion, was traced to 
a profound reorganisation of the nucleus rather than to its complete 
incorporation into the cytoplasm. As the methods of fixation and 
staining became more and more effective, the whole series of changes 
undergone by a dividing nucleus was found to be essentially the 
same in all plants and animals. 

Within more recent times, however, the validity of the results 
obtained from fixed preparations have been questioned, so that it 
becomes important to know how far the phenomena of mitosis, as 
usually described, conform to what is known to occur within the 
living cell. It has already been mentioned that a ‘resting’ or inter- 
kinetic nucleus in the living condition is usually optically homo- 
geneous with the exception of definitive nucleoli, whereas in the 
preserved state the nucleus appears to be divided into at least two 
phases, only one of which has an affinity for basic stains and is 
distributed throughout the nucleus as a series of granules or fila- 
ments. It would thus appear that such preparations are a very 
doubtful guide to intranuclear structure. Nevertheless, it will be 
shown later that as far as the chromatic constituents of the kinetic 
nucleus are concerned, fixed preparations give a remarkably faithful 
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picture of the events which occur during life. It is only in respect 
to the aehromatic portions of the dividing nucleus that real mis- 
interpretation may be caused by fixation. 

As studied in permanent preparations, the main outlines of typical 
mitosis are as follows. First, there appear on the surface of the 
nucleus two small areas or granules which pass to opposite poles of 
the nucleus, and wliich may or may not be surrounded by a series of 
diverging rays. These bodies are known as the eentrosomes and the 
ravs, if present, are called astral rays. Soon after the eentrosomes 
have reached the poles of the nucleus, the latter elongates along the 
polar axis and its cliromatic constituents become incorporated into 
a definite number of cliromosomes ; this is the end of the proplme. 
Quite suddenly the outline of the nucleus disappears and the chromo- 
somes are seen lying as an irregular group midway between the 
eentrosomes, and the area formerly outlined by the nucleus is 
occupied bv a series of fibrils which converge to each centrosome. 
The fibrillar area is the spindle. At the close of this metaphase 
condition the chromosomes cease to be scattered over the centre of 
the spindle, but are organised on a flat plate across its equator. The 
anaphase follows ; each chromosome segregates into two longitudinal 
halves, one of which passes towards each centrosome. Finally 
during the telophase, each group of daughter chromosomes forms an 
irregular mass of interfolding chromosomes or (in other cases) forms 
a mass of swollen vesicles which, losing their affinity for stains, are 
gradually built up into a new nucleus. 

The forces involved in mitosis have long been the subject of 
speculation, and many unfruitful theories have been based on the 
assumption that every detail seen in a coagulated cell is a true 
picture of the living nucleus. Within recent years, however, it has 
proved possible to see every stage of dhdsion in a living nucleus, 
and the chances of misinterpreting preserved material is thereby 
greatly diminished. The following description is taken from that 
given by Strange ways (1922) who observed the choroidal cells of the 
chick in vitro. When about to divide, the cells withdraw their 
characteristic pseudopodia and assume an oval or romided shape 
(fig. 77). The first observable change in the nucleus is the conversion 
of the organised nucleoli into hazy granules ; these are then trans- 
formed into definite chromosomes which can be seen lying within 
the nucleus as a number of fine threads, often writhing about Tike 
eels in a box’. At this stage, the outhne of the nucleus suddenly 
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Pig. 45. Effect of fixation and staining on the dividing nuclei of spermatoe\i;es 
{Chorihippiis). a, d, g, living cells ; 6, e, li, fixed with osmie acid vapour and Flemming’s 
solution; c,/, i, stained preparations. (From Belar.) 
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disappears and the chromosomes rapidly arrange themselves at 
riaht angles to the spindle .vhich, ^dth the centrosomes, can now be 
seen It is interesting to note that no trace of the spindle can be 





Fig. 46. Diagrammatic figures of typical mitosis. (From Wilson, 1928.) 


recognised until the outline of the nucleus has disappeared. About 
five to ten minutes after the first appearance of the spindle, the 
chromosomes begin their anaphasic movement toward the centro- 
somes and axe clearly seen as finger-like processes; at this stage the 
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eell is oval in form. Having reached the poles, the chromosomes 
seem to fold in upon themselves and form a single faint irregular 
body, which is later surrounded by a clear zone unmistakably 
differentiated off from the cytoplasm. Finally a definitive nucleus 
with a nucleolus becomes visible in each daughter ceil. 

From this account and others (BSlar, 1929) it can be realised that 
the classical accounts of mitosis are undoubtedly correct in their 
main outlines except in so far as the achromatic parts of the nucleus 
are concerned. Particularly convincing in this respect are the ob- 






Fig. 47. Nine observations at lO-minute intervals of connective tissue ceil of a rat 
(34° C.). Note withdrawal of pseudopodia during cleavage. (From Lambert and 
Hanes.) 


servations of Martens (1922) and (1929), who have carefully 

compared the effect of fixation on plant and animal cells respectively 
at different stages of mitosis. Even the finest structures seen in the 
living nucleus appear unchanged after an adequate process of 
fixation (figs. 40, 45). 

Velocity of mitosis 

In order that the events of mitosis should be seen in true per- 
spective, it is of value to consider, at this early stage, the length of 
time occupied by each phase of the process. It is only by observing 
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the living nucleus that the velocity of mitosis can be observed with 
any accuracy. The velocity of mitosis means the period of time which 
elapses between the onset of the prophase and the completion of the 
telophase. This must be carefully distinguished from the frequency 
of mitosis which means the number of nuclear divisions per unit of 
time. The distinction is clearly seen in the mitotic di^dsions of cells 
arown in vitro. Strangeways (1922), Fischer (1925 b) and others have 
shown that at about 38“ C. fibroblasts and other cells divide once in 
every forty-eight hours, although only a small fraction of this time 
is occupied bv actual mitosis ; on the other hand, the mitoses seen in 
the early stages of the segmentation of an egg follow each other 
without anv period of interkaryokinetic rest. At 17° C. a nuclear 
division of an egg of Echinus miliaris occupies about thirty-four 
minutes and is immediately followed by the next division (Gray, 
1927). 

Table XXIII 

Mitotic cycles in EchinibS miliaris (17° C.). (Gray, 1927) 


j 1st to 2nd cleavage 

33 min. 

i 2nd „ 3rd „ 

32 „ 

1 3rd „ 4th „ 

36 „ 

! 4th }j oth >} 

35 ,, 

1 5th „ 6th „ 

35 „ 

; 6th „ 7th „ 

33 „ 


It is curious to find that the mitotic cycle of a large echinoderm 
egg is completed in practically the same time as that of the much 
smaller nuclei of the rat (Lambert, 1913) and of the chick (Wright, 
1923), although its temperature is much lower. According to Lambert 
(1913) the connective tissue cells of the rat, when grown in vitro, 
require for each mitotic cycle at 38° C. about 21 to 29 minutes and 
at 35° C. from 35 to 50 minutes. 

The period of time occupied by the different phases of division is 
not easy to determine and the observed figures show some variation 
from each other. Direct observations of living vertebrate cells have 
been made by Levd (1916) and by Lewis and Lewis (1917). With one 
exception the time tables of these authors are in agreement and may 
be illustrated by the time table given by Lewis and Lewis, who 
observed the mesenchyme cells of chick embryos; the cells were 
observed in Locke’s solution at 39° C. 

In a fairly comprehensive series of observations, Lewis and Lewis 
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found that very considerable variation may occur in the velocity of 
each individual phase (see Table XXIV). The only significant differ- 
ence between the observations of Lewis and Levds and those of Levi 
is that the former allow from 30 to 60 minutes as the normal period of 
the prophase, whereas Levi restricts the same phase to a period of 5 
to 20 minutes. It is obviously difficult to determine in the living cell 
the precise moment at which the prophase begins, but as pointed 
out by Wright (1925) the period can be accurately determined from 

Table XXIV 


Prophase ... 

Average time in 
minutes 

30-~60 

Metaphase 

2-10 

Anaphase ... 

2-3 

Telophase 

3-12 

Reconstruction of nucleus 

30-120 


2-3 hours 


Table XXV (from Wright) 


i 

Early 

prophase 

Spireme 

Meta- 

phase 

Ana- 

phase 

Telo- 

phase 

Recon- 

struction 

of 

nucleus 

No. of mitoses found 

140 

115 

91 

66 

91 

S6 

% of total found, 
equalling % of total 
time required for 
whole cycle 

24 

19 

15 

12 

15 

15 

Time in minutes for 
each phase 

Total time; 34 min. 

8 


5 1 

4 

! 

5 

5 


fixed preparations if the duration of any other phase of the di^■ision 
is accurately known. Thus, assuming that the period of the telophase 
is 5 minutes, then by observing the relative numbers of prophases 
and telophases seen in a culture, the period of the prophase can be 
calculated, since the number of each phase present must be propor- 
tional to the time occupied for the completion of that particular 
phase. 

The above table shows the results obtained by Wright from cells 
of the chick’s heart incubated at 37° to 38° C. It would appear that 
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the whole cycle occupies about 34 minutes and that the time allowed 
bv Le^Tis and Lewis for the prophase is too long. 

' ‘ In echinoderm eggs Eplirussi (1926) gives the following time table 

for PciTdcentTOtus Uvidus* 

Table XXVI 


1 

Time in minutes 
after fertilisation 

i 

( 

At 18-5° 

At 26° 

' Formation of the amphiaster 

! Disappearance of nuclear membrane 

i Metaphase plate 

Division of chromosomes 

Beginning of anaphase 

; End of anaphase 

Reconstruction of nucleus ... 

18 

48 

52 

56 

59 

65 

74 

16 

28 

32 

36 

39 

43 

50 


111 aiiv investiijation of the velocity of mitosis it is important to 
remember that the velocity of mitosis is very much reduced if the 
conditions of incubation are at all unfavourable. The presence of 
even slight traces of CO, are sufficient to reduce the velocity in 
Echinus^ggs (Gray, 1927). 


We may now, perhaps, consider how far experimental methods 
have thrown light on the various phases of mitosis in the hope that 
it may be possible to form some conception of the types of mechanisms 
involved. It is convenient to start by considering each phase as a 
separate entity. 

Projphase 

The first sign of approaching division in a living nucleus consists 
in a loss of the normal homogeneity of the nuclear contents owing to 
the formation of threads or granules which have a high affinity for 
basic stains. As far as we can tell, this process must represent the 
segregation of the nucleic acid in the nucleus from the more basic 
constituents. As long as nucleic acid is associated with strong basic 
radicles or is in the form of a nucleo-protein it has no affinity for 
basic stains, for this property’- is peculiar to the free acid. Since 
chromatin is, in all probability, nucleic acid, we may infer that when 
chromosomes are formed inside the nucleus they contain free nucleic 
acid, w’hereas the more basic portions of the nucleo-proteins remain 
elsewhere or are in some way destroyed. Apart from this one 
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conclusion, the chemistry of the dividing nucleus is entirely unknown, 
and vhen we remember that the nucleic acid derived from all animal 
cells, irrespective of group, genus, or species, is identically the same 
in composition, it becomes obvious how a purely chemical conception 
of living matter fails at present to give even a reasonable picture of 
biological facts (see p. 128). Genetically a chromosome must possess 
a higlily complex constitution which is specific to each species of 
organism; all we know, chemically, is that one invariable con- 
stituent is nucleic acid. Perhaps the nearest picture we can get is 
that of Mathews (1921, p. 175), wherein the nucleic acid is regarded 
as a gelatinised matrix in which are concealed those highly specific 
entities known as genes. 



Fig. 48. Metaphase chromosomes of Dissosteim being torn by needles. 
(From Chambers, 1924.) 



Fig. 49. Metaphase chromosomes in pollen mother cell of Tradescantia 
showing spiral structure. (From Sakamura.) 

The chromosomes of animal cells are undoubtedly solid bodies in 
that they possess individuality of form; the same is true of plant 
chromosomes, whose consistency can be demonstrated by micro- 
dissection (Chambers and Sands, 1923). For the direct investigation 
of plant chromosomes Chambers and Sands (1923) used the pollen 
mother cells of Tradescantia, and by means of fine hooked needles 
were able to seize a single chromosome by each end and subject it 
to a longitudinal pull (see also fig. 48). By such methods they con- 
cluded that these particular chromosomes are elastic ‘jelly-like’ 
cylinders whose cortex differs from its central less refractive core. 
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The actual segregation of organised chromosomes within a homo- 
geneous nucleus has been observed in at least three different tj’pes 
of cell ; in the chick cells grown in vitro by Strangeways (1922), in the 
oocvtes of ^istericts, and the spermatocytes of the grasshopper 
Dissosteira (Chambers, 1 924). Chambers’ observations on Dissosieira 
are of peculiar interest for they shoAv that the opening phases of 



Fig. 50. Showing effect of puncture on a living spermatocyte of Dissosteira. a, Normal 
ceil ; 6, four minutes after puncture : the cytoplasm has degenerated and fine filaments 
have appeared in the nucleus; c, nine minutes after puncture: note formation of 
•chromosomes’. (From Chambers, 1924.) 

normal nuclear activity can be induced by localised injury. Within 
a minute of being punctured, fine granular streaks can be seen within 
the spermatocyte nucleus and these soon grow into distinct filaments 
on whose surface is arranged a series of refringent granules. The 
granules groiv in size and each thread thickens. Ten minutes later, 
the whole nucleus contracts somewhat, and the granules on the 
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filaments fuse together, thus converting the latter into a number of 
homogeneous hyaline bodies. There can be little doubt that these 
bodies represent true chromosomes, and as Chambers points out, 
their origin from hyaline axial threads Avith surface granules had 
preAUOUsly been described by Martens in 1922 in Paris quadrifolia. 

In some spermatocytes , on the other hand, nuclear puncture results 
in the formation, not of typical prophasic chromosomes, but in the 
direct formation of bodies which strangely resemble chromosomes 
of the metaphase (fig. 51). Apparently the result of puncture depends 
on the stage to which the nucleus has normally progressed towards 
mitosis before the operation ; in each case puncture simply accelerates 
the normal process of development. An interesting observation was 



Fig. 51. Chromosome formation within a hyaline nucleus of Dissosieira, 
following puncture. (Fronl Chambers, 1924.) 


also made by puncturing a nucleus in which the chromosomes could 
already be detected. In this case the nuclear membrane disappeared, 
but the network of chromosomes persisted. On seizing a loop of the 
network, it was possible to draw it out as an elastic thread. On 
releasing it, it regained its original form (fig. 52). 

The opening stages of the normal mitotic prophase in Ihdng plant 
cells has been carefully studied by Martens (1927). In these cells the 
chromatic elements can be seen prior to the prophase, and the 
chromosomes (during the prophase) are deliminated by a rupture of 
the interchromosomal junctions which are characteristic of the inter- 
kinetic nucleus ; no spireme is formed, but each condensing chromo- 
some becomes orientated parallel to its mates on the short axis of 
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the nucleus: the whole prophase occupies from 36 to 45 minutes ( 
(fig. 40). j 

a 



Fig. 52. Intranuclear filament seized by needle, a, Fragment of filament 
before stretching ; 5, after stretching. (Prom Chambers, 1924.) 

The metaphase 

Soon after the differentiation of the intranuclear chromosomes, 
the outline of the nucleus disappears. How far this is due to the 
dissolution of a definite nuclear membrane is uncertain, although a 
membrane appears to be present at the surface of the nucleus of an 
Asterias oocyte (Chambers, 1921). At this stage the prophase ends 
and the metaphase begins. The chromosomes now become arranged 
in a flat equatorial plate across the centre of the spindle. It seems 
clear that the force which compels the chromosomes to move to the 
equator of the spindle is located at the poles of the spindle or in the 
polar asters. This conclusion follows from the observation of F. R. 
Lillie (1912), who showed that in monastral Nereis eggs the chromo- 
somes remain scattered at the conclusion of the prophase and showed 
no tendency to form a metaphase plate. Similarly, if the eggs of 
echiiioderms are subjected to ether before fertilisation, the male 
proiiucleus often fails to fuse with the female pronucleus; in such 
cases a bipolar aster may develop in association with the male 
nucleus, but only a single aster develops near the female nucleus. In 
these circumstances (fig. 53) the male chromosomes form a metaphase 
plate, w^hereas those of the female remain scattered (Wilson, 1902). 
That the arrangement of the chromosomes on a metaphase plate is 
not haphazard was shown by R. S. Lillie (1905) and later by Cannon 
(1923). Both of these authors have shown that the chromosomes on 
the metaphase plate arrange themselves in the same pattern as a 
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series of ni&gnets, 3-11 orient3t6<l in sncli 3 wny 3S to repel one nnotlier 
in a strong externnl field (fig. 54). Such 3 sj'stem can be arranged as 
follows (Cannon). A number of corks, through each of which is 
feed a similar small rod magnet, are floated in a vessel containing 
water in such a way that all the magnets are pointing vertically 
upwards and all with the same pole uppermost; the north pole for 
instance. Since similar magnetic poles repel each other, these 
floating magnets vdll also repel each other and so collect at the sides 
of the vessel. If now a strong south pole is brought over the water 
on which the magnets are floating the latter, while still exerting a 



Fig. 53. Fertilised egg of Toxopneustes after treatment with ether. The male chromo- 
somes are arranged normally at the equator of a bipolar spindle. The female nucleus 
has only one aster; there is no spindle, the chromosomes remain scattered and do 
not form a metaphase plate. (From Wilson.) 


repellent action on each other, are attracted towards the south pole 
and they now arrange themselves in equilibrium in a definite order. 
It is found that any number up to five will arrange themselves at the 
corners of a regular figure. If, however, there are six magnets, five 
are arranged at the corners of a pentagon, whilst the sixth passes to 
the centre of the figure. With ten magnets on the other hand, two 
magnets lie within an octagon formed by the remainder; with 
fifteen magnets there are five within the outer ring. The actual 
arrangements of chromosomes on the equatorial plate being identical 
with that occupied by the magnetic model (see fig. 54), it seems 
reasonable to assume that the chromosomes are orientated by two 
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forces, one of which is exerted by the poles of the spindle. It should, 
however, not be forgotten that both Strangeways (1922) and Chambers 
(1924) have observed spontaneous movements by the chromosomes 
themselves. Strangeways describes the motion as ‘ eel-like , whereas 
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Fig. 54. Illustrating figures of equatorial plates, in each of which all the chromosomes 
arrpraetically of the same size and shape. Under each plate is the name of the genus 
from which it is taken and in front of this name is figured the predicted arrangement 
of the chromosomes. (From Cannon.) 


Chambers’ description is that of an amoeboid type of movement, in 
which one part of a chromosome expands at the expense of the rest. 
The close of the metaphase of mitosis is usually marked by the longi- 
tudinal cleavage of each chromosome. Concerning this process almost 
nothing is kirown beyond the fact that it may occur at a much earlier 
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SO that on arrival at the equator of the spindle each chromosome 
is made up of two longitudinal halves. The process by which these 
halves are formed as separate entities is independent of a bipolar 
spindle, since it occurs in monastral systems (Nereis). 

The achromatic mechanism 

From a kinetic point of view, the anaphase is the most interesting 
phase of mitosis, for it is at this period that the daughter chromo- 
somes migrate relatively rapidly to the poles of the spindle. Before 
attempting to evaluate the numerous theories which have been put 
forward to elucidate this phenomenon, it is essential to consider in 
(Treater detail the nature of the spindle in which the chromosomes 
move. 

In every mitotic division of a nucleus, there exists a clear spindle- 
shaped body at each pole of which there can usually be detected a granule 
or area known as the centrosome. In the cells of most of the higher plants, 
these structures compose the whole of the achromatic apparatus of the 
dividing nucleus, but in many animal cells there exist round each centro- 
some a series of diverging rays known as the aster. There are therefore 
two types of achromatic figure, (i) an anastral type, and (ii) an astral type. 
Since the kinetic phenomena of mitosis are alike in the two cases, one 
may conclude that however necessary the asters are during the process 
of cell division (see Chapter IX) they play no essential role in the division 
of the nucleus ; the essential structure for nuclear division appears to be 
the spindle. On the other hand, much of the evidence suggests that the 
formation of a spindle only occurs when the centrosomes are present, 
and that these bodies give rise to both spindle and asters. Unfortunately, 
the centrosomes are always extremely small and may be visible in the 
living cell. Whenever two asters come into contact with each other a 
spindle is formed between them and the resultant figure is known as an 
amphiaster. In view of the diversity of opinion concerning the origin of 
centrosomes and other parts of the achromatic figure it is difficult to give 
a logical account which will cover all the known facts. 

In preserved material the mitotic spindle is almost universally 
represented by a series of fibres converging at the two poles (spindle 
fibres) ; at the metaphase some of these fibres are closely applied to 
the chromosomes. Spindle fibres have never been seen in the living 
cell, for during life the spindle appears as a homogeneous hyaline 
body enclosing the chromosomes. That spindle fibres are the artificial 
products of fixation is confirmed by the work of M. R. Lewis (1923), 
who showed that they only appear in living cells if the medium is 
sufficiently acid in reaction. In a medium of pH 4*6 fibres become 
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visible in the spindles of cells dividing in vitro: on removing the acid 
the fibres disappear, and this phenomenon can be repeated several 
times vithont killing the cells. Since nearly all cjdcdogical fixatives 
contain considerable quantities of acid, there can be htt le doubt that 
visible spindle fibres must be regarded as artefacts. At the same time 
the fibres seen in fixed or coagulated cells are probably indications 
of a field of force between the poles of the spindle. Hardy (1899) 
showed that if a immoovcicous film of albumen is coagulated whilst 
in a state of tension, definite fibrillae are formed in a plane parallel 



Fi- 55 LiwiK. primarv spermatocUe of Dissosteira. 1 , Note the chromosomes on 
metaphase plate and the clear spindle surrounded by rmtachondna ; ... late anaphase 
showins the two polar graphs of chromosomes and the linear airangement of 
mitachondria. (From Chambers. 1924.) 


A.11 recent evidence supports the view that the spindle is a com- 
paratively rigid structure. This was first shown by Morgan (1910), 
who found that it was possible to move the spindle bodily by centri- 
fuo’al force through the matrix of an echinoderm egg; Shearer (1910) 
found that the spindle of Histriobdella was also a rigid struck 
capable of isolation from the cell. The later work of Chambers (191 1 ) 
(see fig. 56) shows quite clearly that the spindle is capable of con- 
siderable mechanical distortion and manipulation; it is an elastic 
gel and not in any way comparable to a fluid with low viscosity. 
Similarly in plant cells (Chambers and Sands, 1923), the spindles in 
the pollen mother cells of Tradescantia can be dissected out as a 
whole and are highly elastic. 
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It is of importance to note that the length of the major axis of 
tlie spindle determines the distance 
during the anaphase of mitosis. If an 
ecliinoderm egg is allowed to segment 
in sea water containing a small trace 
of ether (0-05 per cent.), the spindle is 
abnormally small and it is found that 
the two daughter nuclei, although 
perfectly normal, are abnormally 
close together. 

The origin of the spindle appears to 
differ in different types of cell. In some 
plants and in some protozoa it is formed 
entirely from the nucleus, since it is well 
developed inside that body before the 
nuclear membrane disappears at the 
end of the prophase. In the higher 
plants, on the other hand, the spindle 
is formed from polar caps lying outside the nucleus; in most animal cells 
it arises outside the nucleus although in close association with it. 

The formation of a spindle is closely associated with the presence of the 
two polar centrosomes, but it is useful to remember that the facts can 
be considered from two distinct points of view. From the first of these, 
the spindle is regarded as a definite cell organ formed from detiiiite 
material known as archiplasm, which may be located inside or outside 
the nucleus. From the other point of view, the spindle is an entirely 
transient structure which is the result of the mutual effect of two 
centrosomes on material of either nuclear or cytoplasmic origin. If the 
centrosomes lie within the nucleus the spindle will be formed of nuclear 
material; if on the other hand the centrosomes lie outside the nucleus, 
the spindle may be formed from the cytoplasm. In cases (e.g. the 
ecliinoderm egg) where the centrosomes lie very close to the surface of 
the nucleus, it seems almost certain that the spindle is composed of the 
achromatic parts of the nucleus. Immediately before the dissolution of 
the nuclear membrane, the nucleus is elongated between the two 
centrosomes, the nuclear boundary suddenly disappears and the area 
which it enclosed is then clearly defined as the spindle. 


moved by the chromosomes 



Fig. 56. Metaphase spindle of Disso- 
steira dissected out of the cell: note 
the extensile nature of the spindle 
when drawn out by a needle. (From 
Chambers, 1924.) 


The polar asters 

In many embryonic animal cells the poles of the mitotic spindle 
are marked by well-defined asters^ whose rays pass outward from 
the pole and extend into the cytoplasm of the cell. In the case of an 
ecHnoderm egg the rays of the aster appear to be marked out by 
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the radial arrangement of granules which, elsewhere in the cell, are 
more or less evenly distributed throughout the C5rtoplasm (see 
fie 57) Durine the* metaphase of nuclear division these asters are 
very conspicuous objects and are seen to consist of a large number 
of ravs each composed of a hyaline homogeneous substance radiating 
out from a central clear area of protoplasm (centrosphere). According 
to Chambers (1917). the ravs are broadest at their base and gradually 
t«e7along their length milil they are indistinguishable from He 
aeneral hvaline matrix of the protoplasm. It is interesting to note 
tiiat the smaller the aster the more clearly defined are the rays ; as 
the aster grows in size, so the rays become longer but less distinct. 
Iccordinff to Chambers, the tongues of granular cytoplasm lying 
between the ravs are rigid, whereas the rays and the centrosphere 
"insist of a liquid of relatively low viscosity. The rigidity of the 



Fig. 57. a. Astral rays 
r, astral rays bent by 


greatly enlarged; tip of ray bent by needle; 
insertion of needle. (From Chambers, 1917.) 


astral cytoplasm renders the whole aster rigid, so that it can be 
moved about niechanicallv in the cell, and can be distorted in form 
by means of needles (see fig. 57). An aster can be tivisted into a 
spiral and on being released from distortion it may or may not 
resume its normal shape. If the above description applies to asters 
in general, it would seem that an apparent absence of asters in some 
cells may be due to an absence of cytoplasmic granules, since it is 
these structures which make it possible to differentiate optically 
between the asters and the surrounding cytoplasm. 

It seems probable that we ought to regard the asters not as 
transient cell organs but as the expression of a specific dynamic 
activitv. Thus, if a dhdding cell is subjected to a low temperature, 
or to such an anaesthetic as ether, the whole of the rays instantly 
disappear leaving the centrosphere as a clearly defined homogeneous 
mass. This phenomenon occurs whenever a dividing cell is subjected 
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to any form of inhibition, e.g. tearing the asters by means of needles, 
or mechanical pressure. 

The origin of the asters has been sought by a variety of methods 
and is still uncertain. In some cases it seems quite clear that they 
are formed at or near the surface of the nucleus. In echinoderm eggs 



Fig. 58. Destruction of asters by ether or by mechanical disturbance, a, Norma! 
esg 45 minutes after fertilisation. The course and extension of the astral rays were 
drawn with all possible accuracy; h, same egg exposed to ether, note disappearance 
of astral rays leaving clearly defined astrospheres ; c, normal egg; d, one aster 
destroyed by mechanical disturbance with a needle, (a and b from Wilson; c and d 
from Chambers.) 

the first aster to appear arises from a centre near the middle piece 
of the spermatozoon soon after the latter has entered the egg. This 
aster rapidly enlarges in size as the male pronucleus moves towards 
the egg nucleus, so that when fusion occurs the whole egg is filled by 
its radiations. The rigidity of this aster is shown by the fact that it is 
able to distort the spherical form of the cell (Gray, 1924), and by the 
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fact that it can be meclianically pushed and rolled about in the 
c\’toplasm without losing its form (Chambers, 1917). As the astral 
rays increase in length, the centrosphere grows in size, so that there 
appears to be a centripetal flow of fluid towards the centre. 
According to Chambers, the male nucleus is only in equilibrium 
when it is lying near the centre of the aster, since if the nucleus be 
displaced it always tends to resume its central position. Siniilarlv 
as long as the female pronucleus lies outside the confines of the 
astral rays it remains stationary, but as soon as the rays reach it, 
the female nucleus moves with increasing velocity towards the centre 
of the aster, and is thus brought into contact with the nucleus of the 
spermatozoon. Not only the nuclei, but even oil drops move towards 

Fig. 59. a. Normal egg; h, the aster has been destroyed in the lower cell: note the 
compression of the latter cell against the more rigid cell containing the aster. (From 
Chambers, 1924.) 



the centre of the aster, so that there appears to be a force directed 
towards the centre of the aster which acts thi’oughout that region of 
the cell traversed by the rays. As soon as the male and female 
pronuclei have fused together, the large male aster gradually fades 
away and is replaced by the small amphiaster which will be described 
below. According to Chambers (1917) the disappearance of the 
monastral rays is attended by a loss of rigidity of the cytoplasm, 
since.a needle can now be drawn through the egg without disturbing 
the structures hung on each side of the needle. 

Additional e^ddence to show the rigidity of an aster is illustrated 
in fig. 59 b (after Chambers), which shows the compression of a blasto- 
mere whose aster has been mechanically destroyed; the second 
blastomere which contains an aster remains spherical, although 
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both blastomeres are subjected to the same pressure from the hyaline 
membrane of the cells (see Chapter IX). 

The existence of a single aster is of very considerable theoretical 
importance; it shows that the amphiaster is not the expression 
of a bipolar force of the type of electricity or 
magnetism. Large monasters can be produced 
in egg cells by a variety of methods; drugs, 
such as strychnine or chloral hydrate (Hertvdg, 

1887), hypertonic sea water (Morgan, 1896; 

Wilson, 1901 ; Herlant, 1918), and by mechanical 
agitation (Boveri, 1903; Painter, 1915). Wilson 
found that when the eggs of Toxopneustes were Fig- 60. Monastral egg of 
exposed to hypertonic sea water for a short 
period, large monasters developed subsequently 
in normal water. Under these conditions the whole of the normal 
cycle of nuclear changes occurred (including the division of the 
chromosomes) but the daughter chromosomes failed to move apart, 
and the cell did not divide. Such monastral cycles of nuclear activity 
occurred rhythmically in the same egg for as many as six times, after 
which normal bipolar cleavages might occur (Wilson, 1901). 

More than one observer (Boveri, 1903 ; Painter, 1915) has observed 
that towards the end of the monastral cycle the large monaster 
moves towards the cell periphery, thereby flattening the centro- 
sphere into a curved disc parallel to the surface of the egg; mean- 
while the surface of the egg furthest from the centrosphere exhibits 
extensive cytoplasmic activity. This centrifugal movement of the 
aster is of importance when we come to consider the role of the asters 
during cleavage of the cell. 

As mentioned above, the large male aster of echinoderms appears 
to have its origin at the originally posterior end of the sperm nucleus, 
and in certain cases there is strong evidence to support the vievr that 
the aster actually arises from the ‘ centrosome ’ lying in the middle 
piece of the spermatozoon. Boveri believed that the middle piece 
of the sperm alone was capable of producing an aster, and that the 
nucleus itself was not directly involved. The origin of the sperm 
aster from the middle piece of the spermatozoon is, however, con- 
tradicted by the work of Lillie (1912) on Nereis^ where the middle 
piece of the spermatozoon does not enter the egg and where the 
sperm aster arises at the proximal pole of the sperm nucleus. Lillie 
further showed that the aster can arise at any fractured surface of 
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the male proiiucleus. This he demonstrated by centrifuging the 
fertilised egg in such a way as to break the male pronucleus into two 
portions, only one of which entered into the egg. In every case a 
male aster developed at the proximal surface of the nuclear fragment 
The size of the male aster appeared to be proportional to the size of 
the male pronucleus. Lillie’s observations suggest that the aster 
arises from a constituent of the nucleus, and that the so-called 
"centrosome’ is essentially of nuclear origin and is not derived from 
a permanently extra-nuclear source. It looks as though both centro- 
some and aster are the result of changes in or near the surface of a 
nucleus which has reached a definite phase of nuclear activity. 


The a7nphiaster 

In all typical cases of astral mitosis, two asters arise near the 
surface of the nucleus. At first they are small, although the ravs 
are very distinct. As the intervening 
spindle increases in size, the centro- 
spheres of the asters grow and the rays 
project further and further into the 
c}i:oplasm of the cell. No rays are 
visible inside the spindle. When the 
cell dmdes into two halves, each 
daughter cell contains one aster which 
fades away soon after division is com- 
plete; at the next mitosis two small 
asters again appear at the surface of 
each daughter nucleus. 

If we regard an aster as the product 
of a definite cell organ, then it would 
appear that the latter is capable of 
regular subdivision just as is the case of 
a chromosome. This view ^vas accepted 
by Boveri who ga\'e the name arcki- 
plasm to the specific material giving rise 
to both asters and spindle. Similarly 
w^here the centre of each aster is occupied by a definite centrosome it 
seems reasonable to beheve that each daughter centrosome is derived as 
a cleavage product from a pre-existing centrosome. 

There is, unfortimately, a considerable amount of confusion involved 
by the word centrosome. As Wilson (1925, p. 6T5) points out, it is used 
in at least four different senses. The most convenient usage is that the 
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Fig. 61. Aniphiaster of FcAiwar- 
yg. (From Chambers.) 
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c 6 TitT 0 S 0 Tti 6 deiiotes that structure (at the centre of the astral rays) 
which does not disappear when the rays disappear. This permanent 
structure may or may not contain a small highly staining granule, the 
ceniriole. 

In a few cases the centriole appears to be present during the non- 
dividing phases of the cell’s existence, although this is by no means 
clearly established. It must be remembered that the centriole or defini- 
tive centrosome is very minute and can only be recognised during mitosis 
from the fact that it lies at the focus of the astral rays where there are 
no other cell granules. During the interkinetic period it is not easy to 
differentiate clearl}^ between a centriole and other cell inclusions having 
similar staining properties. 

The main support of morphological cytology is afforded to the 
view that the asters are formed from permanent cell organs which 
are usually located on the outer surface of the nucleus. At the same 
time it must be admitted that during the interkinetic phases no 
trace can often be found of centrosomes or centrioles. The evidence 
from experimental enquiry gives, however, more support to the 
view that the centrosomes and their subsequent asters are essentially 
transitory organs which can arise de novo and independently of any 
pre-existing centrosome. In 1896 Morgan described the origin of 
asters in the cytoplasm of echinoderm eggs after treatment with 
hypertonic sea water. These asters are commonly known as c\i:asters 
to distinguish them from those w^hich normally arise near the surface 
of the nucleus. These C 5 d:asters were carefully examined by Wilson 
(1901) who showed, by examination of the living eggs of Toxopneusies, 
that they were capable of division and capable of deforming the 
surface of the cell just as is the case with normal asters (fig. 85). Since 
c\i:asters appeared to develop in different regions of the cytoplasm 
simultaneously, it seemed extremely probable that they arose de 
novo, although at the centre of each was a centriole comparable to 
that of a normal aster. On the other hand, the exposure of the egg 
to hypertonic sea water undoubtedly leads to a precocious activity 
of the normal nuclear asters, leading to the formation of multipolar 
spindles and it is conceivable that the c}d:asters w^ere derived by 
division from normal asters. Wilson attempted to analyse the position 
further by shaking eggs into fragments and exposing the enucleate 
fragments to hypertonic sea water. In such fragments cvTasters 
always developed. Unfortunately mechanical agitation undoubtedly 
upsets the normal asters (see above), and although this objection 
appeared to have been met by the work of McClendon (1908) on 
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Asierias eggs, Yatsii (1908) later showed that cytasters will only 
develop in enucleated fragments of Cerebratulus eggs if the original 
germinal vesicle had broken down prior to enucleation. 

All attempt to form an adequate theory of the origin of asters was 
made by Conklin (1902), who suggested that asters can develop in 
the cytoplasm wherever there is present an essential derivative of 
the nucleus, which need not necessarily take the form of a definitive 
granule. This view seems to cover most of the facts : we may imagine 
that the nucleus can so affect the neighbouring cytoplasm that an 
aster is formed. In a normal cell this action is greatest at the surface 
of the nucleus: on the other hand, if we so treat the egg that this 
iiiicleo-cytoplasniic reaction occurs much more readily, it seems 
reasonable to suppose that the products of the germinal vesicle 
having probably been distributed all over the cell, asters will de- 
velop here and there in the peripheral cytoplasm, and at the same 
time there will be an abnormal number of asters formed at the surface 
of the nucleus itself. 

The real interest afforded by asters lies in the fact that they are 
almost certainly the active agents of cell division, although they are 
not directly concerned ^riih nuclear division. The role of the asters 
ill cell division is discussed in the follovdng chapter, but it is in- 
teresting to note that derivatives of centrosomes are undoubtedly 
concerned in other types of cell activity. The Henneguy-Lenhossek 
theory (see Gray, 1928) postulates that the basal granule of a cilium 
is homologous wdth the nuclear centrosome, and there can be no 
possible doubt that the two bodies are derived from a common 
source. Jordan and Helvestine (1922) claim that the ciliated cells 
in the epididymis of the rat di\dde amitotically because the division 
centres of the cells are functioning as basal granules. The recent 
work of Kindred (1926) indicates that in frog’s epithelia there is still 
left near or in the nuclei the potentiality of forming centrosomes 
after the original centrosomes have become basal granules of cilia. 
It would seem that, in this case, centrosomes can be regenerated by a 
nucleus just as occurs in the sperm head of Nereis. As long as it 
was reasonable to regard spindle fibres as real and contractile 
elements in the cell, the change in function from a centrosome to a 
basal granule was of very great theoretical importance, for it 
suggested that the forces exerted by the asters or in the spindle were 
comparable to those which move a cilium. This position is, however, 
no longer tenable, and the centrosomal force remains obscure. 
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The anaphase 

Having considered the nature of the achromatic spindle in 
some detail, we may return to a consideration of the movements 
seen during normal mitosis. It is obvious that during the anaphase 
there is a force which moves the daughter chromosomes towards the 
poles of the achromatic spindle, and it is generally assumed that the 
energy for movement is derived from the spindle or its poles, and 
not from the chromosomes themselves. The nature of this force 
remains unknown, although it has been the subject of much in- 
genious speculation. Among the earliest theories of mitotic move- 
ment were those of Klein (1878) and van Beneden (1888), who looked 
upon the fibres seen in the preserved spindle as contractile fibrillae 
comparable to muscle fibres. Some of these fibrillae were assumed 
to be attached at one end to the pole of the spindle and at the other 
end to the chromosomes. Since the pole of the spindle was rigidly 
fixed in position, the daughter chromosonies moved to the poles 
when the fibrillae attached to them under^vent the process of con- 
traction. This theory was accepted and elaborated by Boveri (1887) 
who showed that, during the fertilisation of Ascaris, the chromo- 
somes appeared to be drawn on to the spindle by the activity of 
their attached fibrils ; these fibrils became shorter and thicker during 
the process of contraction, just as is the case in a muscle fibre. To 
some extent Boveri differed from van Beneden, since he believed 
that the astral rays and spindle fibres were formed anew during each 
mitotic cycle from the archiplasm of the cell, whereas van Beneden 
and his contemporaries looked upon the rays and fibrils as permanent 
ceil organs which, although orientated to form asters and spindle- 
fibres during mitosis, were present in an unorganised manner during 
the interkinetic periods. At a later date, Heidenhain (1894, 1896) 
constructed his well-known models of anaphasic movement in which 
the fibrillae were represented by elastic strands of rubber. Heiden- 
hain’s belief in the contractile properties of the mitotic fibrillae was 
strengthened by his discovery of a large permanent aster in the 
motile leucocytes of Salamandra; similar fibrillae were observed in 
the pigment cells of fish by Solger (1891) and Zimmermann (1898). 
These facts, together with the homology of the mitotic centrosome 
with the basal granule of a contractile cilium, suggested that in each 
case the fibrillae arising from the basal bodies are contractile in 
nature. 
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From time to time objections were urged against the contractile 
theory of mitosis, and numerous alternatives were suggested. The 
fact that spindle fibres are not visible in the living cell means, 
however, that unless it is very extensively modified the W'hole theory 
is of very little value. The fibres described by Boveri and Heiden- 
hain are 'undoubtedb' due to a field of force between the centrosomes 
the chromosomes, but they throw no light on its nature, and 
cannot possibly be regarded as permanent structures comparable to 
muscle fibres. At the same time it is conceivable that the force which 
moves the chromosomes is of the same nature as that which causes 
a change in the shape of a muscle. It is w^ell known that contraction 
is not dependent on the presence of fibrillae (amoeboid movement, 
contraction of cardiac muscle cells), so that some form of active 
contraction along definite lines may be possible -wfithin the mitotic 
spindle. If such be the case, one would expect that any active 
"through a vdscous spindle during the anaphase would be 
marked by an increase in the energy expended by the whole cell, 
and since mitosis ceases in the absence of oxygen, it might be possible 
to associate the movement of the chromosomes with an increase in 
the oxygen consumption of the cells. The experimental difficulties 
attending such inv'estigations are considerable, but are not in- 
superable, and it has been showm (Gray, 1925) that there is no 
detectible change in the oxidative activity of the cell during mitosis. 
These observations were made on the segmenting eggs of Echinus 
which form peculiarly suitable material for investigation since, vith 
proper precautions, it is not difficult to ensure that all the eggs are 
in the same mitotic phase at any particular time. At the same time 
it must be remembered that the anaphase only lasts for about five 
minutes, and unless the amount of oxygen involved was significantly 
large compared to that required for other cell purposes it would not 
be easv to measure. We must at present conclude, how^ever, that 
there is little hope of estimating the energy changes involved during 
anaphasic movement, since if such changes exist they are too small 
to be estimated by the methods at present available; this means 
that one hopeful line of attack remains closed. 

The conception of the asters and spindle as a field of force dates 
from 1873, when Fol pointed out their similarity to the field between 
two unlike magnetic poles . If the achromatic structures of a dividing 
nucleus are regarded as transient structures and not as a rearrange- 
ment of pre-existing material, a reasonable explanation is forthcoming 
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for the ease with which the astral rays can he made to disappear in 
the presence of anaesthetics and other substances. Whenever the 
niitotic forces cease to exist, the field of force disappears just as the 
field of an electromagnet disappears when the current ceases to flow. 
Unfortunately the dynamic conception of mitosis does not carry us 
verv far. Some of the earlier hypotheses are obviously untenable, 
and' have been summarised by Meves (1896, 1898) and by Prenant 
<1910). The more modern theories are as yet incapable of experi- 
mental analysis. Before considering any of these in detail it is 
important to stress the fact that, so far, there is no direct evidence 
to show that the existence or activity of an achromatic system 
involves an expenditure of energy by the cell, and for this reason it 
is impossible to form any idea of the magnitude of the forces involved. 
Were it possible to detect an increased evolution of heat, or an 
increased consumption of oxygen whenever a nucleus is dividing 
mitotically, it would be possible to form a reasonable conception of 
the whole process. This is, however, not the case: there are no 
appreciable changes in heat production (Meyerhof, 1911) or of 
oxygen consumption (Gray, 1925) during mitosis. 

Most of the earlier dynamical theories of mitosis involved the 
conception of an electrical or magnetic field of force and a full descrip- 
tion of these theories will be found in the works of Prenant (1910), 
Meek (1913), and Wilson (1925). Apart from the difficulty of explain- 
ing the existence of monasters, all the electrical theories of mitosis are 
unacceptable in that they are purely speculative. The available 
experimental evidence is, in fact, definitely against the view that 
the chromosomes move to the poles of the spindle because there 
exists an electrostatic field of a particular type. It is true that the 
behawour of a nucleus in an electric field shows that the chromatin 
bears a negative charge relative to the rest of the nucleus, but 
McClendon (1910) has shown that to upset the normal orientation 
of chromosomes -svithin a spindle it is necessary to apply currents far 
more powerful than those which are likely to exist in living cells. 
McClendon exposed the groAving root tip of hyacinth or onion 
bulbs to a current of 110 volts for varying periods by application of 
copper sulphate electrodes to the surface of the tissue. In most of 
his experiments the current was passed for 30 minutes and A^aried 
from 0-00001 to 0-01 amperes. As soon as the current reached 
0-00005 to 0-001 amperes the basophil constituents of the nucleus 
and of the cytoplasm showed a marked tendency to moA’e to the 
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anode, as was also the case of the c\-toplasm. With currents of O-Ol 
amperes the pressure of the migrating chromatin was sufficient to 
distort the nucleus into a pear-shaped structure. 



/ 


Fig. 62. Effect of a direct current on mitosis in the root tip of onion bulb. (From 
McClendon.) a, Control: note uniform distribution of chromatic elements in nucleus 
and c\i:opIasm; b, 0*0001 amperes: note basophil material carried to anode; c, 0*01 
amperes: note anodic distortion of nucleus; d, 0*0015 amperes: the spireme of the 
prophase has moved; e, 0*0002 amperes: no movement;/, 0*0006 amperes: the whole 
of the spindle has moved bodily ; g, 0*003 amperes : the whole of the spindle has moved. 

Pentimalii (1909) stated that during the progress of mitosis the chromo- 
somes became more and more sensitive to an external electric field, but 
this was not confirmed by McClendon, who showed that some at least of 
Pentimalii’ s results were due to displacement of chromosomes not by 
the electric field but by the microtome knife. McClendon states that as 
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the process of mitosis advances the chromatin becomes less and less 
sensitive to the current; whereas 0-0015 amperes are sufficient to more 
the prophase spireme, at least twice that current is required to move the 
spindle. Further, during the anaphase the whole spindle with the con- 
tained chromosomes move as one unit, and there is no displacement of 
chromosomes relative to the spindle. 

It is obvious that the general configuration of astral rays and 
‘spindle fibres’ in a normal cell is no evidence of the nature of the 
force rvliieh is their underlying cause. Models of amphiastral figures 
can be made not only from magnetic or electrical fields but also from 
those of thermal, osmotic, and other types of energy. Btitschii’s 
(1876) figure, here reproduced (fig. 636), shows that particles of gelatin 
vill orientate themselves suitably when they are subjected to the 



Fig. 63. a, Artificial amphiaster formed round two centres of coagulation. The matrix 
is a solution of globulin in alkali, and the coagulation is effected by platinic chloride. 
(Prom Fischer.) b, Artificial amphiaster formed round two air bubbles enclosed in a 
warm matrix of gelatin. Fixed in formol and chromic acid and stained by acid 
fuchsin. (From Biitsciili.) 


stresses caused by two bubbles of air contracting ^wthiii a gelatin 
matrix. Similarly, the figures (figs. 64 and 65) obtained by Lediic 
(1914) are equally good mitotic models obtained in osmotic fields. 
Until it can be shown that the mitotic field is sensitive to forces of 
one particular type it is quite arbitrary which theory to adopt; 
presumably one gives preference to whichever theory provides the 
most picturesque model. 

When an attempt is made to analyse the nature of the force 
operating in the spindle by applying an external field of a particular 
type, some support is forthcoming for the conceptions of an osmotic 
field of diffusion, for at least we know that the stability of the 
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spindle and the behaviour of the chromosomes are upset by dis- 
turbances in osmotic pressure (see fig. 69). 

As already mentioned there is, in all echinoderm eggs, an un- 
mistakable accumulation of fluid at the poles of the spindle during 



Fis. 04. Diffusion field between two drops of hypertonic salt solution 
%nt!i a hypotonic drop between them. The lines of diffusion are marked 
by particles of Indian Ink. (From Leduc.) 



Fig. 65. A triastral field of diffusion between three contiguous 
drops. (From Leduc.) 

the whole period of mitosis; Biitschli (1876) suggested that the 
anaphasic movement of the chromosomes might be due to similaT 
protoplasmic currents set up in the spindle itself; these currents he 
assumed to be caused by localised changes in surface tension. 
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Elaboration of these conceptions have been made from time to time 
by Ehumbler (1896-1908) and others, but it is difficult to picture 
such phenomena when we remember that the spindle is an elastic 
solid. Perhaps one of the most interesting of the hydrodynamic 
theories of mitosis is that put forward by Lamb (1908). This author 
suggested an application of Bjerknes’ (1900) observations on the 
field of force surrounding adjacent bodies which are oscillating or 
pulsating in a fluid medium. If, within a fluid, two bodies are pul- 
sating synchronously and in opposite phase they repel one another: 
or if they are pulsating synchronously in the same phase they attract 
one another. Between the aphasic pulsating or oscillating bodies 
there is a field of force which is morphologically identical in form 
with that between unlike magnetic poles (see fig. 66). Lamb 



Fig. 66. Diagram of the field of force between two bodies 
pulsating out of phase with each other. 


suggested that at one pole of the mitotic spindle there is a body (the 
eentrosome) which pulsates or oscillates synchronously in opposite 
phase to its mate at the other pole. This hypothesis would account 
for the fact that the two centrosomes move apart as mitosis proceeds 
and yet are united by a field of force similar to that between the 
unlike poles of a magnet. Since bodies heavier than the surrounding 
medium are attracted by the poles of such a hydrod}mamic field 
whereas lighter bodies are repelled. Lamb suggested that a change 
in the specific gravity of the chromosomes might account for the 
fact that they are at first (metaphase) located as far as possible from 
the centrosomes, whereas afterwards they are attracted to the poles. 
Lamb put forward his suggestion as an ad hoc h}^othesis of only 
‘hypothetical value ’ and no direct evidence in its favour has, as yet. 
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become available. An extension of the suggestion has, however, been 
made by Cannon (1923) by appMng the h^^othesis to ‘an hypo- 
tlieticai, isolated, ideal cell ' and then extending these deductions to 
the results of actual experiment. That such a procedure is fascinating 
there can be no doubt, but it is at the same time a negation of the 
experimental method. There is no evidence that the chromosomes 
are suspended in a fluid medimn; all the experimental facts support 
the view that the spindle is a structure possessing considerable 
rigidity. If the chromosomes lie vithin a gelated matrix of this t}T)e 
it is quite improbable that they would move in the way outlined in 
Bjerknes’ experiments. The second objection to Lamb’s hypothesis 
lies in the fact that there is no evidence which suggests that at each 
end of the spindle is a pulsating or oscillating body. Until these two 
objections have been met, it hardly seems profitable to attempt to 
apply the theory itself. 

Summary of mitotic movement 

It is obvious that no theory of mitotic movement has yet estab- 
lished itself as a working hypothesis for the obvious reason that none 
of the proposed theories indicates a conceivable line of experimental 
analysis. From a purely mechanical point of view it would be of 
interest to know the kind and magnitude of force which can move 
a particle of nucleic acid through a gelated matrix, bearing in mind 
that the speed of movement may be extremely slow (e.g. 1 mm. per 
day). Until something of this sort is attempted, it seems futile to put 
forward theories for which there is no real foundation in fact. That 
there is a force which operates between the chromosomes and the 
poles of the spindle seems almost certain and until it is identified 
with any of the known physical forces there is no harm done by 
giving it a name. In this respect there is something to be said for 
Hartog’s (1905, 1914) mitokinetism. 

From an experimental point of view it seems useful to stress the 
following facts : 

(i) The only structure which is necessary for the anaphasic move- 
ment of chromosomes is a bipolar or multipolar spindle. Neither 
asters nor definitive centrosomes are universally present, (ii) The 
longitudinal division of the chromosomes is independent of the 
presence of a spindle, (iii) In a few cases chromosomes are capable 
of autonomous movement, but daughter chromosomes do not move 
apart except when enclosed in a spindle. The distance which these 
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cliromosomes move is proportional to the length of the spindle. 
I iv) Since fibrils are found in the spindle when the latter is coagulated, 
it is reasonable to suppose that there is normally a state of tension 
or other localised distribution 


of energy along the axis of the 
spindle, (v) The orientation of 
the chromosomes at the equa- 
torial metaphase suggests that 
the spindle itself generates the 
forces which are responsible for 
the orientation of the chromo- 
somes. 

The whole phenomenon of 
mitotic movement is baffling 
in the extreme. We are dealing 
mththe movement of particles 
of very small size, in an elastic 
medium at a very low velocity, 
and all attempts to detect an 
attendant output of energy by 
the cell have failed. 

Modification of mitosis by 
external reagents 

Like other properties of the 
cell, mitotic activity can be 
readily and reversibly inhibited 
by such reagents as cold, acids, 
or anaesthetics. The effect of 
variations in temperature on 
the successive phases was in- 
vestigated by Jolly (1904) and 
more recently- by Ephrussi 
(1926), who concluded that each 
phase has its own temperature 
coefScient— that of the pro- 
phase being high (2-5-1-66) 



Fig. 67. Diagram illustrating the tempera- 
ture coefficients of the various phases of 
mitosis. (Prom Ephrussi.) 


whereas that of the anaphase movement is low" (1*0-1*22). 

The application of cold, quinine, anaesthetics, or KCN (Mathews, 
1907), during the period of mitosis leads to a disappearance of the 
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asters and spindle, although the chromosomes themselves do not 
appear to be affected. It is perhaps curious to find that an exposure 
to X-rays does not affect mitosis (Strangeways and Hopwood, 1926). 
whereas the rays can prevent a cell undergoing further mitoses when 
it is irradiated during the interkinetic period. The effect of acid on 
mitosis has not as yet been investigated in detail, but Smith and 
Clow^es (1924) have shown that, when the CO 2 tension of sea water 
is increased, the velocity of cell division in Arbacia and in Asterim 
is decreased, and that, at a definite tension of the gas, mitosis ceases 
altogether. 




Fig. 6S. a, Accessory asters formed in fertilised egg of E. esculentus after exposure to 
h\'pertonic sea water; b, egg of E. esculentus exposed to h^^ertonic sea water after 
fertilisation. Note the normal asters and the very abnormal chromosomes, (From 
Gray, 1913.) 

Ill the above cases, the inhibiting agent simply reduces the velocity 
of mitosis, and if its effect is not too intense mitosis is resumed at its 
normal pace when the inhibitor is removed. On the other hand, 
mitosis is extremety sensitive to many external changes which 
seriously affect the process in an irreversible manner. As a type of 
such action w^e may take exposure to an abnormally high osmotic 
pressure (Koiiopacki, 1911: Gray, 1913). If the eggs of echinoderms 
are exposed to concentrated sea water it is frequently found that one 
or more chromosomes fail to move to the poles during the anaphase. 
If the osmotic pressure reaches a critical figure the whole mitotic 
system may be affected, the asters disappear, and the whole of the 
chromosomes form an irregular mass drawn out between the poles of 
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• die (see figs. 68 and 69). It is interesting to note that many of 
hese experimentally induced irregularities occur naturally -when an 
= (T is fertilised by the sperm of a foreign species. When the eggs of 
the sea urchin Sphaerechinm granularis are fertilised by the sperm 
of Strongylocentrotus lividus the mitoses of the segmenting eggs are 
usually quite normal, although in a few cases abnormalities occur 
which recall the effects of hypertonic sea water on other types of 
ecrcr (fig. 69). In the reverse hybrid Strongylocentrotus $ x Spkaere- 
cUniis S, many of the paternal chromosomes fail to pass to the 
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Fio* 69 a and h, The effect of hypertonic sea water (50 c.c. sea w’ater -f S-8 c.c. 2UI 
NaCl) on the nucleus of a fertilised egg of Strongylocentrotus. (From Konopaeki.) 

Abnormal zygote nucleus of hybrid egg, Sphaerechinus $ x Strongylocentrotus £. 
Xote tetraster and compare the form of the nucleus with that m 6. 


poles of the first mitotic spindle (fig. 70) and are omitted from 
the daughter nuclei (Baltzer, 1910). Similarly the abnormal mitoses 
found in the cross fertilised eggs of Echinus esculentus x E, acutus 
(Doncaster and Gray, 1913), can be artificially induced in normally 
fertnised eggs of E. acutus by treatment with hypertonic sea water 
(Gray, 1913). There can be little doubt that abnormal mitoses 
can be the result of a variety of causes, and that the final effect 
on the nucleus is largely independent of the particular agent 
employed — ^heat, high or low osmotic pressure, electrolytic ions 




Fig. 70. Cleavage spindles of hybrid Sirongylocentrotus $ x Sphaerechinus Note 
that some of the chromosomes ha%^e failed to pass to the poles of the spindle. (From 
Baltzer.) 




h 


a 



c d 

Fig. 71. Polyastral figures in echinoderm eggs: a, induced by treatment with hyper- 
tonic sea water (Konopacki); h-d, by treatment with strychnine (Hertwig). 
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and some drugs all induce the same type of irregularity in the 
asters or chromosomes; it is therefore difficult to gain from such 
experiments any clear conception of the mitotic mechanism, although 
the results may have an important application to the study of 
malignant growths. 

Mitotic stimulation 

The reasons which cause a cell nucleus to undergo the process of 
division are difficult to analyse, since mitosis is usually only part of 
a long and complicated series of cell changes which go on hand in 
hand with growth (see Chapter XI). Growing cells often exliibit a 
regular rhythm of mitosis and newly divided cells usually grow; 
hence, peculiar interest is attached to those cases where mitosis can 
be made to occur in tissues whose rate of groivth is reduced to a 
minimum. Dustin (1921, 1922) found that if 1~3 c.c. of a foreign 
blood serum was injected into the peritoneal cavity of a mouse, a 
remarkable outburst of mitosis occurred in the cells of various organs 
after a latent period of 2-3 days. The organs involved were the 
thymus gland, skin, lymphatic ganglia, and intestinal epithelium. 
The induced mitoses, having followed their normal course, were not 
followed by others although other injections might be given. Dustin 
correlates the onset of mitosis with the liberation of a substance 
which is released from other cells in the process of degeneration and 
in this respect his views are supported by Gutherz (1925), who 
believes that degenerating nuclei produce substances (necrohor- 
mones) which are the cause of the premature and incomplete matura- 
tion divisions observed in the ooc 3 rtes of sexually immature mammals 
and in the formation of oligopyrene spermatozoa in molluscs. 

Somewhat parallel to Dustin’s observations are those of Isawaki 
(1925), who found that the injection of l/60th c.c. of a bacOlus 
culture into the caterpillar of Galleria melorella induced active 
mitoses in certain types of leucocytes. In one case the number of 
mitoses rose from three per thousand cells to 136 (fig. 72); and the 
intensity of the effect produced by the injection varied markedly 
with the temperature of incubation. A somewhat different t^’^pe of 
mitotic stimulant is that isolated by Chambers and Scott (1925), 
who found that, during autolysis, malignant tumour cells produce 
a substance which increases the rate of growth of tumour tissues 
in vitro, and this stimulant they believe to be derived from the 
nuclei of the autolysed cells. Perhaps the most active supporter of 
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specific mitotic stimulants is Haberlandt (1922, 1923), wlio has 
elaborated the theory of mitotic hormones in plants. Haberlandt 
cut thin sections of potato tuber and after five or six days found 
numerous mitoses whenever a section had included a portion of 
the vascular bundles. Sections without vascular bundles showed no 
mitoses. If, on the other hand, such sections \vere closely attached 
by a film of agar to a vascularised section, both fragments of tuber 
showed mitoses. Similarly mitosis could be induced by contact with 
freshly triturated vascular tissues. From these facts Haberlandt 



Days 

Fig. 72. Graph showing induction of mitosis in blood cells of Galleria by injection of 
bacilli. The abscissa shows the time in days after injection. (Prom Isawaki, 1923. j 

concludes that there must be associated with the vascular bundles a 
substance capable of inducing nuclear division. 

Somewhat analogous to Haberlandt’s wound hormones are the 
‘desmones’ described by Fischer (1925 6). This author states that 
isolated animal cells when grown in vitro fail to divide because they 
lack an essential constituent which can only be supplied by way of 
the intercellular bridges which he claims unite all the cells in a 
normal culture. These conclusions have, however, been denied by 
Wright (1925), who believes that isolated cells in a tissue-culture 
are capable of division, although they usually divide synchronously. 
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ir • It interprets this simultaneous type of mitosis as the result of 
iiiiiform environment on a homogeneous population of cells. It 
^ be doubted, however, how far this explanation is complete. An 
elated bacterium in a satisfactory medium soon gives rise to a 
lation which is heterogeneous in respect to the moment of 
deava^ye whereas when organic continuity between nuclei is clearly 



Fia. 73. Periblast of embryo of Belone. Note synchronisation of mitosis. 
’ (From Gurwitsch.) 



Fi?. 74. Section of testis of Salamander showing synchronisation of mitosis. 

(From Gurwitsch.) 

established there is very clear evidence of synchronisation of 
cleavage. In syncytia all the nuclei divide together (fig. 73), and 
simultaneous mitosis is very common in the spermatoc}i:es mthiii 
a testicular tubule (fig. 74). How far these phenomena are due 
to the fact that all the nuclei concerned are or may be m proto- 
plasmic connection with each other is doubtful; in this respect 
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the observations of Polowzo\v (1924) are of interest. This author 
found that if fertilised eggs of sea urchins are exposed to dilute 
concentrations of alcohol, the mitotic figures are abnormally small 
and that nuclear division proceeds without cell cleavage: in such 
cases all the nuclei within any single cell divide simultaneously 
(fig 75) If an egg is allowed to develop normally in sea water the 
firJt two blastonreres usually cleave simultaneously, whereas if one 
blastomere is separated from its mate nuclear division often falls 
out of step Between the early blastomeres of many echinoderm 
e.^as fine protoplasmic bridges undoubtedly exist (Andrews, 1899; 
Grav. 1925), and it is possible that the presence of these bridges 
enables adjacent cells to undergo simultaneous nuclear division. It 




Fi^ 73 SvncWial mitosis in sea urchin eggs after treatment with alcohol. Note that 
alf the 'nuclei' in one blastomere are dividing simultaneously: in the other cell no 

nuclei are dividing. (From Polowzow, 1924.) 


would be of interest to know whether all the cells of a developing 
larva divide together as long as they are in organic connection tilth 
each other and whether, when such cells as 4 d in a trochophore 
larva remain quiescent, organic connection with their neighboun 

has been lost. 


Balfour was inclined to ascribe the variation in cleavage rhythni 
noticeable during the segmentation of eggs to a variation in the amoun 
of volk present, e.g. the yolk-laden blastomeres of the lower hennsphere 
divide slower than those at the animal pole. There can, however, be little 
doubt that this explanation is insufficient to account for the marked 
variation in cleavage rh\i;hm noticeable during invertebrate development. 
As pointed out by Wfison (1925, p. 997) the two upper sister eeUs m each 
quadrant of the 16-celled stage of annelids and molluscs differ marked y 
from each other in their rhydihm. One divides many times in quick 
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succession, the other divides only t%vice, although there is no visihl. 
difference m yolk content between them. The clewaae rhvthml ^ i 

;iiore closely related to the functional requirements of the e^r! 
to simple mechanical causes (F. R. Lillie). nibr\ o than 

By far the most original conception of mitotic stimulation is 
however, that of G^ivitsch (1923 seq.). This author, together with 
hi, pupils, claims that certain types of living tissues emit a SDecific 
type of ray (mitogenic rays) which induces the onset of mito^sis in 



ndghbouring cells. Gurwitsch’s original experiment consisted in 
exposing one side of a root-tip of an onion bulb to contact with the 
tip ot another actively growing root (fig. 76). After a short period of 
inductance, the number of mitoses found on the exposed side of the 
induced root was significantly greater than that on the opposite side, 
lhat this result is not due to the diffusion of materials from one root 

fiimi w contact is unnecessary 

I )• From this experiment it is inferred that induced mitosis is 
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caused by rays of very short wave length, since the ' mitogenic ’ ravs 
can readily pass through glass and quartz, but are absorbed bv 
gelatin from Avhich it looks as though their wave length Avas of tlif- 
order of 2000 A. Xot only actively groA\dng root-tips are able to 
induce mitosis in other roots, for inductance occurs when the 
'inducting’ root is replaced by yeast (Baron, 1926), tadpoles 
(Giiiwitsch, A. and L., 1925), or oxygenated blood (Sorin, 1926). In 
nearly all his experiments GurA\itsch has used the root -tip of plant 
bulbs as 'detectors’ of the mitogenic rays, although Baron (1926 ^ 
found that yeast cells can be induced to di^dde more rapidly bv 
exposure to groAA'iiig plant roots. In one experiment the number of 
budding yeast cells rose from 8 to 22 per 100 cells Avhen exposed to 
root -tip emanations, whereas in the root -tip the number of mitoses 
rose by 22-26 per cent, on exposure to actively sprouting yeast.. So 
far no animal cells have been used as detectors. 

Table XXVII 


Number of mitoses in sections of root -tip of Viciafaba 


! Spireme 

Monaster 

Diaster 

Telophase 

Normal 

37 

30 

19 

38 

After h hour in 0*125 % ether 

160 

61 

40 1 

25 


It is not altogether easy to assess the significance of Guiwitsch's 
experiments, but if the results are substantiated b}^ further work 
they must represent an entirely new line of biological research. It 
is unfortunate, perhaps, that it has been too often assumed that an 
arbitrary difference of numbers of mitoses between the control 
section and the induced section of the root-tip is truly significant, 
since a statistical justification of this point is fundamental to all the 
experimental conclusions. That the root-tips of plants are peculiarly 
sensitive to mitotic stimulation is confirmed by Mainx (1924), Avho 
found that after exposure to low dilutions of ether the number of 
mitoses was greatly increased. 

From time to time the determining cause of mitosis in animal cells 
has been sought by variation in environmental factors. In this 
connection it seems fairly clear that mitosis tends to occur after a 
period of starvation. For example, many amphibia are capable of 
Avithstanding prolonged starvation during which the cytoplasmic 
portion of their cells is markedly reduced in volume. As soon as 
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food is pro\'ided, rapid mitosis frequently occurs (Kornfeld, 1922); 
-vhether in plants the rhythmical formation of food-stuffs during 
daylight is the factor responsible for the prevalence of mitoses during 
the night (Karsten, 1915, 1918) is not certain. On the other hand, 
active mitosis has been described in the tissues of starving animals 
Ipigeons (Morpurgo, 1888); eats (Hofmeister, 1890); salamanders 
illorgulis, 1911)]. There can be no doubt that, at times, the pheno- 
mena of mitosis and of grovi;h are independent of each other, for in 
dhiding eggs the rate of increase in the amount of respiring proto- 
plasm changes quite independently of the mitotic rhythm (Gray, 
1927). Even in Protozoa, where the cells maintain the same a%'erage 
size over a number of successive cleavages, the absolute size of the cell 
depends on the nutrient level of the surrounding medium and mitosis 
does not necessarily occur when the cell has reached a critical size. 
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CHAPTER NINE 


Cell Division 


A cleavage of the whole cell is the natural sequence to the dhision 
of the nucleus and the two phenomena are usually part of one 
complete cycle of cellular activity. During this cycle, the cell 
undergoes more drastic changes in its internal architecture and 
in its external form than at any other stage of its existence; never- 
theless, the mechanism of cleavage is still the subject of acute 
controversy. 

Since a dividing cell undergoes a spontaneous change in form, 
there are two possible ways whereby its actmties might be analysed. 
Firstly, the cell may be regarded as a small elastic sphere which can 
only be divided into two parts by an expenditure of sufficient energ}' 
to overcome the natural t^idency of the cell to resist deformation of 
form. On the analogy of other types of cell movement, such a 
mobilisation of energy might be expected to show itself by an 
alteration in the rate at which the cell evolves heat or absorbs oxygen . 
Observations of this nature are of peculiar importance, since they 
should give a measure of the forces involved during cleavage even 
when the actual mechanical causes of the phenomenon are imisible 
under the microscope. Failure to obtain an insight into the energy 
changes involved would, on the other hand, restrict the analysis of 
cleavage to the visual observation of cell structures and to the re- 
sponse made by these to a variable environment. Oiu knowledge 
of the energetics of cell division is, unfortunately, very slight and 
most of the data are of a negative character. For this reason it is 
convenient first to consider the visual phenomena of cleavage. 

The visual 'phenomena of cell division 

In selecting material for a study of the visual phenomena of 
cleavage it is important to remember that the form of any given 
tissue cell is almost always determined by or affected by the presence 
of its neighbours, and that this disturbing effect wiU operate during 
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the actual process of division. Such a factor is absent in the case of 
ceUs which, after cleavage, live isolated from each other. It is very 
unfortunate that cells of this latter type (e.g. leucocjdes or fibro- 
blasts) exhibit during diA-ision a highly irregular form which i. 
exceedincrlv difficult if not impossible to resolve into simpler com- 
ponents.'’ Dh-ision of this type is brought about by a slow and 
disiointed process of separation into two daughter cells, and wliilst 
this is aoing on little or no change is visible in the interior of the cell 
The cleavaae of a living fibroblast has been observed on many 
occasions and by many authors: the following description is largely 
based on the account given by Strangeways (1922). 

Durim^ the earlv stages of mitotic activity all isolated cells, 
however^irregular their original outline, withdraw their pseudo- 
podial projections and assume a spherical or ellipsoidal form (fig. 77, 
1-5). Soon after the anaphasic movement of the chromosomes, the 
cell begins to elongate along the mitotic axis. This elongation is 
accompanied bv two sets of visual phenomena at the surface of the 
cell Firstly, the elongation of the mitotic axis involves a diminu- 
tion in lencrth of the equatorial axis of the cell, except in the regions 
of the poles, where the diameter of the cell remains practically un- 
elianced. Secondlv, there appears at the poles a series of blunted 
nroiectioiis or ‘blikers’ wliich slowly develop and slowly disappear 
bv reincorporation into the body' of the cell (fig. 77, 7-10). This 
curious actimty at the poles of the cell lasts, as a rule, for about three 
or four minutes, and during the whole of this time the equatorial 
constriction gradually becomes more obvious. Eventually the two 
poles of the cell appear to attach themselves to the substratum by 
the formation of fine pseudopodia very similar to those characteristic 
of non-dividing ceUs . From this point onwards the two halves of the 
cell separate from each other by a disjointed but active process of 
mutual separation— until, with increasing velocity, the two daughter 
cells move away from each other leaving until the last moment fine 
strands of hyaline material which connect one daughter cell to the 
other. The whole process of dmsion occupies at 37° C. from 30 to 
45 minutes. Owing to its low velocity, disjunctive cleavage is not 
readilv followed as a series of successive events which are clearly 
marked out as such to the eye of the observer. For this reason the 
artificial acceleration made possible by the process of cinematography 
affords considerable assistance in establishing an adequate time rela- 
tionship between the different phases of the whole process. Films ot 
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Pig. 77. Cleavage of a living cell from the choroid ^ 

The whole cycle occupied about fifty minutes. Note the buhbhn^ 
the cell which accompanies the formation of the polar furrow. 


(Strangeways). 
at the poles of 
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this nature (e.g. those of Dr Carrel, and those of Dr Caiiti) show very 
clearly the polar activities of the dividing cell, and the curious pulling 
effect of one daughter cell against the other. At the same time, the 
interpretation of accelerated films demands some degree of caution 
if they are used as a basis for understanding the underhung processes 

of di\usion. , • • • 

INo coiiiprciicnsivc tlicory of disjuncti^ 6 cell cli^ ision ii8,s ^ et been 
put forward. There are, however, two features which seem worthy of 
comment. Firstly, the so-called bubbling aethuty at the poles of the 
cell. This process is not restricted to dividing cells, it occurs over the 
whole surface of the cell when the latter becomes moribund and is 
about to die; it can also be induced to occur in other types of cell 



Fi'> TS Pour obseri-ations at 5-minute intervals of the cleavage of a connective tissue 
eelTof a rat Note the elliptical form of the cell immediately before the development 
of the cleavage furrow. During the later stages the spherical form of the daughter 
cells is well marked. (Lambert and Hanes.) 


(e.g. eggs of molluscs and echinoderms) by a weakening of the 
hyaline layer with resultant protrusion of temporary exovate pro- 
cesses. When illustrated by an accelerated cinematograph film 
both eggs and moribund fibroblasts give the same impression of 
active ^bubbling’ as the poles of a normally dividing cell. One gets 
the impression that bubbling is invariably associated with a weaken- 
ing of the hyaline layer of the cell. The second point of interest 
involves the drawing apart of the two daughter cells. It is more 
than probable that the active organs of movement are located in 
the pseudopodial processes (as in normal cell movement), and it is 
significant that the pseudopodia make their appearance in the regions 
where the ‘blisters’ have recently been forming; it is conceivable 
that the pseudopodia, like the blisters, possess a thinner and less 
well-defined surface layer than does the rest of the cell. 
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Cell cleavage of the disjunctive type clearly involves three factors : 
si) the organisation of the cell into an ellipsoid mass followed by the 
development of an equatorial furrow, (ii) a weakening of the hyaline 
surface at the poles of the long axis, and (iii) an active drawing apart 
of the two halves by pseudopodial movement. The possible signifi- 
cance of this interpretation must be deferred to a later paragraph. 



Fig. 79. Cells form a culture of the heart of a chick. A, Vegetative cell before the 
withdrawal of the large pseudopodium seen at the top left corner ; B, same cell after 
withdrawal of the pseudopodium, note the long protoplasmic filaments ; C, a vegetative 
cell withdrawing pseudopodia; Z), two daughter cells moving apart after division. 
Note the protoplasmic junctions: these are eventually ruptured. (From Seifriz.) 


Astral cleavage 

In contrast with the disjunctive cleavage, so typical of leucoc^-tes 
and other isolated cells, are the orderly and geometrical changes in 
form which characterise the division of a spherical egg cell into two 
contiguous blastomeres. Not only are the changes in form of a 
comparatively simple nature, but during cleavage the internal 
architecture of the cell is of a type which exists at no other phase of 
actmty. It is not surprising, therefore, that marine eggs provide 
the favourite material for the investigation of cell division. At the 
same time they introduce a complication. When an echinoderm egg 
dmdes into two blastomeres, each of the latter remains adherent to 
its neighbour, and neither of them (in nature) ever regains the 
spherical form of the undivided egg. A considerable body of e\ddence 

GC _ 13 
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shows that the precise form of the cleavage furrow is the result, not 
only of the cleavage mechanism, but also of the mechanism which 
keeps the two daughter cells in contact with each other when the 
cleavage itself has been completed (Gray, 1924). 

Before proceeding to aspects of astral cell division, which are 
either speculative or controversial, it is useful to consider those facts 
which are generally accepted as true. As pointed out elsewhere 
(Chapter VI) the fertilised egg of a sea urchin {Echinus esculenius in 
Urticular) no-v•^>cs a well-defined hyaline layer at the surface of the 
cell (fi<^ 3-’ ) Until the process of cleavage begins, this peripheral or 
hvaloplasmic laver is uniformly distributed over the egg surface and 
fine protoplasmic strands pass across it between the c}i:oplasm of the 
cell mid the external boundary of the layer itself (Gray, 1924). Tlus 
external boundarv undoubtedly consists of a solid membrane whose 
properties are quite well defined. It is imperfectly elastic; it can 
be iawn into fine threads which, on release, recover to some extent 
their original form, leaving distinct although sometimes transitory 
traces of disturbance. The chemical nature of the membiane is 
unknown, but it has two important reactions; firstly, it is soluble in 
sea water if the latter contains no calcium ; secondly, m the presence 
of dilute acid it contracts and becomes tightly compressed to the 
surface of the cvtoplasm. The existence of this hyaline membrane has 
been clearly demonstrated in a considerable variety of material, but 
it is much more clearlv defined in the eggs of E. esculentus than in 
E miliaris, Arbacia, or Echinarachius. Just as in the case of dis- 
iunctive cleavage, so the onset of astral cleavage is marked by an 
eloimation of the egg axis which is at right angles to the plane ot 
the future cleavage furrow. Until this polar elongation begins, the 
hvaloplasmic laver is uniformly distributed over the surface of the 
eaa ; as soon as the egg elongates, the hyaline material begins to flow 
from the poles of the cell to the equatorial furrow. As the furrow 
deepens, so the hyalme material becomes more and more aggregated 
into the equatorial region of the egg until, with completion of 
cleavage, a well defined intercellular plate of hyaloplasm separates 
each cell from its mate, whilst the intercellular plate is contmuous 
with a verv thin laver of similar hyaline substance which still covers 
the polar regions of each cell (fig. 80). The protoplasmic processes, 
which, prior to cleavage, traverse the hyaloplasm, are withdrawn 
during dmsion, only to be reformed after this process is complete 
The more pertinent of these facts have not been questioned, bu 
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are accepted with one important proviso by three recent investiga- 
tors whose interpretations differ Avidely from each other (Just, 1922 ; 
CliaDihers, 1919, 1924 ; Gray, 1924). The main point at issue inA’olves 
the precise moment at which the hyaloplasm begins to flow from the 
poles of the cell to the equator. According to Just (1922), this 
redistribution proceeds to an appreciable extent before the cj-toplasm 



Fig. 80 . a-g, Normal cleavage of the egg of Echinus esculentus. Note the gradual flow 
of hyaloplasm (’white) from the poles of cell to the equator. Inf note tliat the cytoplasm 
is almost completely divided. In g the hyaloplasm has joined in the centre and the two 
masses of cytoplasm are completely divided off from each other but are complete!}' 
surrounded by hyaloplasm. 

of the egg begins to lose its spherical form, whereas other obserTa- 
tions (Gray, 1924) lead to the belief that these two processes begin 
simultaneously. As will be obvious later, this point is of fundamental 
importance. 

In discussing the process of mitotic division, it was pointed out 
that the period between the fusion of the two pronuclei and the 
anaphase of the first division is marked by a gradual increase in the 
size of the two mitotic asters. As this increase in size takes place, it 
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can be seen that each aster is an almost perfect sphere, but as the 
spheres increase in volume the individual rays tend to become less 
distinct. This phase of increase in size of the two asters is illustrated 
by fig. 81 . At the anaphase (see fig. 81, 8) the form of the asters begins 
to change. They continue to enlarge in volume but they are no 
longer spherical, for they flatten against each other in the median line 
(figs. 58 a and 81, 4-T). As soon as the two daughter nuclei are formed, 
practically the whole of the cjToplasm of the egg is occupied by the 
two asters whose rays extend almost to the periphery of the cyto- 
plasm. So far, the cell has retained its spherical outline, but at this 
moment there is a visible change in the shape of the whole egg. The 
polar elongation begins. 

The changes in the size and in the form of the asters are ad- 
mittedly not so clear in the living egg as they are in preserved 
material (see, however, fig. 58), and some difference of opinion exists, 
concerning the precise moment at which the asters reach their maxi- 
mal development. Just (1922) concludes that the astral rays, in 
Arbacia eggs, fade away before cleavage of the cytoplasm begins: 
this is not the ease in E, esculentus^ for a well-defined aster can be 
seen after the completion of cleavage, both in preserved and in living 
material; during the actual process of division almost the entire 
volume of the egg is occupied by the astral rays, only the region of 
the equatorial furrow is exempt. This uncertainty concerning tlie 
time relationship of cleavage to astral development is of importance, 
although not decisive from a theoretical standpoint. 

In some cells the development of the cleavage furrow is accom- 
panied by a visible streaming of peripheral cytoplasm towards the 
equatorial furrow. This has been described by Erlanger (1897), Loeb 
(1895), and more recently by Spek (1918). 

So much for the facts. All recent theories of cell cleavage hinge 
on three points. Firstly, what role, if any, is played by the hyalo- 
plasm? Secondly, Tvhat rdle, if any, is played by the mitotic asters? 
Thirdly, what part is played by the peripheral streaming of the 
cytoplasm? 

It is convenient to consider the hyaloplasm first. Just believes 
that this layer is the active mechanism of cleavage. In Arbacia eggs 
he has observed in this layer some degree of amoeboid movement 
which he regards as an indication of sufficient power to move to the 
equator of the ceil and, by a process of active constriction, divide the 
cell into two halves. Obviously, on this interpretation, there is no 
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Pig. 81. Camera lueida drawings of developing asters from sMtions of B^inus eggs 
fixli in corrosive sublimate. Note change in shape of the asters after the a^phase 
stage is reached : also note loss of definition of astral rays with increase in 

the asters. 



19S CELL DIVISION 

reason ^vhv an equatorial accumulation of hyaloplasm should not 
occur before the actual process of cytoplasmic cleavage begins, since 
the polar elongation of the cell ivould be the natural result of equa- 
torial compression. A direct test of Just’s interpretation is available 
bv removing the hvaloplasmic layer from the egg either before or 
during cleavage. already mentioned, the hyaloplasmic membrane 
is soluble in calcium-free sea vater, and it is for this reason that 
secmiented eggs disintegrate into their constituent cells when in such 
a medium (see Chapter VI). If eggs of Echinus escu entus are reared 
in normal sea water until 10-15 minutes before cleavage, and are 
then placed in calcium-free sea water, they soon reveal two significant 
facts Firstlv the hyaline layer has been dissolved. Secondly, the 



Pi« 8-> Cleavage of the eag of Echinus in calcium-free sea water Note that the 
K nV ute hvahne layer causes a marked increase of the elongation of the polar 
Ss S the cili "and that the latter is eventually resolved into Pvo spherical 


blastomeres. 


polar elongation of the cells, far from being decreased, is actually 
increased (see fig. 82). It is extremely difficult to harmonise these 
facts with Just’s hypothesis. That the presence of the hyaline layer 
tends to reduce rather than increase the polar elongation of the 
dmding cell is strongly supported not only by the effect of its 
removal during (or after) cleavage by calcium-free sea water but also 
bv the action of twm entirely independent pieces of evidence. 

By a fortunate coincidence there is a marked difference in t e 
osmotic properties of the hyaline membrane and of the egg cyto- 
plasm The former is freely permeable to electrolytes, whereas the 
latter is not: consequently when the eggs of Echinus esculentus are 
placed in hypertonic sea water the volume of the cytoplasm is 
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decreased, whilst the volume contained within the hyaline membrane 
is. if anything, increased. Under such conditions the compression 
normally exerted by the hyaloplasm on the cytoplasm is relieved 
and the relative length of the polar axis of the cell is definitely 
increased (fig- 83). The form of the dividing cell under such circiiiii- 
stances is similar to that of eggs exposed to calcium-free sea water, 
although of course the cell volume is less. Just as the compression 
exerted by the hyaloplasmic layer on the cytoplasm can be relieved 




Fig. 83. Effect of hypertonic sea water on the form of the cleaving eggs, a-g show the 
effect of transferring the normal eggs shown in fig. 80 a-g to Iiv’pertonic sea water. 
Note change in form of cytoplasm, with increased elongation of the polar axis. 


by hypertonic sea water, so it can be reinstituted by returning the 
egg to normal sea water, or better still by exposing the egg to acid 
sea water. Under such circumstances the dividing cell in\''ariably 
responds by shortening its polar axis. Since the hyaloplasm is 
bounded by a solid extensible membrane which w’^ill only change 
in form if we exert on it a definite force, and since it is undoubtedly 
the agent whereby the fully divided cells adhere to each other in 
their naturally compressed form, we are driven to conclude from the 
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aboTe evidence that the r5Ie of the hyaloplasm during cleavage is 
the same as after cleavage ; in both cases it tends to reduce the polar 
axis of the cell when the latter tends to elongate under the influence 
of other forces. We cannot regard the hyaloplasm as the active 
cause of polar elongation or of cell division: it affects the form of the 
cleaving cell, but is not part of the active cleavage mechanism. 



Pig. 84 . Effect of acid on the form of contiguous blastomeres of Echinm. a> Normal 
egg; b, same egg in acid sea water; c, egg with hyaloplasm partially removed by cal- 
cium-free sea water; d, same egg in calcium-free sea water + acid. Note that the 
compression of blastomeres is restricted to the area over which hyaloplasm is still 
present. 

'When a dividing cell is denuded of hyaloplasm (see fig. 82), its 
form suggests quite clearly that division into two daughter cells is 
being effected by the resolution of the cytoplasm into two spherical 
regions, each of which when surrounded by its normal hyaloplasm 
responds as though it were an elastic shell. The suggestion at once 
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— can each of these spherical regions be correlated with the 
regions occupied by each of the two mitotic asters? 

The rdle of the asters during cleavage 

The most direct proof that the asters form an active part of the 
cleavage mechanism is provided by the fact that any irregularity 
in the size or position of these structures is invariably accompanied 
by an irregularity in the form and position of the cleavage furrow. 

In order that cleavage should occur in echinoderm eggs it is 
essential that there should be two asters each of which must be 
located within a short distance of the cytoplasmic periphery. 




Fig. 85. Fertilised egg of Toxo'pnemtes after exposure to ether, a. Before cleavage: 
b, after cleavage. Note that the male amphiaster has divided the ceil into two 
blastomeres A and B, whilst the female monaster has deformed the surface of the 
cell at C. (From Wilson.) 

A single aster near the periphery will deform the surface of the cell 
but it will not produce a cleavage furrow; this can be observed in 
the case of the large monaster typical of the period prior to fusion 
of the two pronuelei (Gray, 1924): it is also illustrated by the 
observations of Wilson (1901) (fig. 85). Whenever there are two 
asters present which are equal in size and whose rays extend to the 
periphery of the cell, a cleavage furrow will form between them ; if 
there are three asters, there will be three cleavage furrows ; if there 
are four asters, there will be four cleavage furrows. Similarly if two 
asters (of adequate size) are present — but one is larger than its mate 
—then unequal cleavage results. If the line joining the centre of the 
two asters does not pass through a diameter of the egg by the time 
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the astral rays reach one side of the egg, then the cleavage furrow 
develops first on that side, and only later (as the raj^s reach tiif^ 
opposite side of the equator) does the furrow develop on the other 
side. All these phenomena can be observed in the natural cleava<ye> 
of various types of cell. That the irregularity of form and positLn 
of the asters is the cause and not the result of irregular cleavage is 
suggested by the fact that similarly irregular cleavages can be 
induced to occur in Echinus eggs by experimental means (Grav 
1924). 

E. B. Wilson (1901 b) showed that the normal astral radiations 
disappear if the eggs of Sphaerechmus are exposed to sea water 
containing ether (see p. 159). On replacing the eggs in normal sea 
water the radiations reappear: they do not, however, reach their 
normal size before again fading away. The result is that the egg niav 
subsequently form a cleavage furrow which fails to cleave the eg(y 
As soon as the asters fade away all development of a cleavage furrow 
ceases. This experiment has been repeated, and Wilson’s results 
have been confirmed. 

If eggs of £. esculentus are allowed to develop in normal sea water 
until the anaphase of the first division and are then transferred to 
3 per cent, solution of ether in sea water, the astral rays very rapidlv 
(2-3 minutes) disappear, and a clear irregular space appears in the 
centre of each of the original asters (fig. 58 b). If these eggs are now 
returned to normal sea ^vater, the astral rays reappear within about 
15 minutes. In some of these eggs the rays rapidly extend to the 
periphery of the cell, and the latter cleaves normally into two cells. 
In other eggs, ho^vever, the reformed rays do not reach the periphery 
of the c^oplasm before fading a^vay . In such eggs no cleavage occurs 
until the second nuclear division. 

If eggs are allowed to develop in normal sea water until the telo- 
phase stage is reached, and are then etherised and returned to normal 
sea ivater again, it is found that -whereas two large asters existed at the 
beginning of the treatment, yet w^hen the asters reform in sea water, 
they appear not as tvro large asters, but as four asters much smaller 
ill size. The two original daughter nuclei divide in conjunction -with 
the four new asters and the cell divides into four normal blastomeres. 
In other words, the first cleavage has been entirely omitted (see also 
fig. 94). 

Finally, if eggs are etherised in 2-5 per cent, ether solution, and 
are then transferred to sea w-ater containing a very small concentra- 
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tioa of ether, e.g. 0-05 per cent., the asters -n^hich reform in the sea 
water always remain small. Nuclear division occurs normally but, 
oving to the small size of the spindle and of the asters, the nuclei 
remain close together and no cleavage occurs. The cell thus becomes 
a well-marked syncytium (fig. 86 a). Eventually, however, the small 
asters become sufficiently numerous to extend throughout the whole 
ess, and at this moment multiple cleavage occurs. In some eggs 
there appears to be a tendency for the nuclei with their asters to 
collect at the surface of the egg (see fig. 86 b), and when the astral 
rays of these nuclei extend to the egg surface there is a distinct 
tendency for segmentation furrows to appear between them, although 
these furrows are never complete. 



Fig. S6. Echinus eggs segmenting in the presence of 0-05 per cent, ether, a, Xote 
numerous nuclei forming a syncytium ; 5, note peripheral arrangement of nuclei and 
incomplete cleavage planes. 


There can be very little doubt, therefore, that the nature and 
extent of the cleavage furrow are very closely associated with the 
position and the size of the asters. If, then, the appearance of a 
cleavage furrow is the direct mechanical effect of asters whose rays 
extend to within a critical distance of the periphery of the cytoplasm, 
and these asters are made to disappear before the cleavage furrow 
is actually completed, further cleavage should cease and. the egg 
should tend to resume its spherical form. This is the case. If eggs 
are allowed to develop in normal sea water until the cleavage furrow 
is just beginning and are then etherised in 2-5 per cent, ether, the 
condition shown in fig. 87 can be obtained. In these eggs a well- 
defined cleavage furrow exists but there are no asters. On trans- 
ferring such eggs to sea water the cleavage plane is gradually lost. 
If the original cleavage furrow was shallow, then on transference to 
normal sea water after etherisation, the egg gradually becomes com- 
pletely spherical, at the same time the surface of the hyaloplasm is 
thrown into distinct folds. If, however, the original furrow was 
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Fig. 87. Eg" of Echmus vdth normal cleavage furrow placed in 2*5 per cent, ether 
solution for 20 minutes, then transferred to normal sea water. Note absence of asters 
and gradual loss of cleavage furrow; also the crinkled hyaline membrane in d. 



Pig. 88. Egg of Echinus transferred from 2 per cent, ether to normal sea water. Note 
asymmetrical astrospheres without astral rays, also cleavage furrow, gradual ob- 
literation of cleavage furrow, and displacement of hyaloplasm. Note subsequent 
division of astrospheres and development of astral rays. 
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well developed, then on return to sea water the egg tends to retaip 
an elongated form, although the furrow itself disappears. At the 
same time the vTinkliiig of the hyaloplasm is extremely obvious ir 
the equatorial region. The elongated form of these eggs is, however 
rapidly lost as soon as the astral rays of the next nuclear divisior 
begin to approach the periphery of the cytoplasm. 

Besides ether, many otiier reagents tend to inhibit the iiomiai develo]}. 
iiient of the asters, and yet allow the nucleus to divide normally. Aniori'. 
such reagents is siiglitly hyperaikaline sea water. The asters*" are sniaH 
a Lid asYiiimetrieally bitiiated and produce a cleavage furrow on om 
side of tlie egg only. The same thing occurs in hypertonic sea water 
A delieiency of calcium or potassium has the same effect. 

I’he form of the cleavage furrows in many of these reagents is ex- 
tremely irregular. It is difficult to see how such furrows could be the 
result of a differential iiiterfacial tension at the poles and at the equator 
oi tlie cell; they are, however, explicable on the assumption that the 
furrow is being brought about by a redistribution of the different phases 
of the egg. 

The close relationship which exists between the position and form 
of the asters with the position and form of the cleavage furrow is 
readily understood if we assmne that the asters are an essential part 
of the active cleavage mechanism, and this view provides areasoii- 
ai}Ie working hypothesis for fm'ther analysis. 

Before discussing the nature of the force which may be exerted 
on the cytoplasm by means of the asters, it is of value to recollect 
that the evidence from microdissection (Chambers, 1917) and from 
the use of the centrifuge (Heilbrunn, 1921), indicates fairly clearlv 
that the region of the cytoplasm occupied by the astral rays is of a 
more rigid or viscous nature than the non-radiate regions. The 
initial increase in the viscosity of the egg which takes place soon after 
fertilisation is directly associated xvith the existence of the fullv 
formed sperm aster which pervades the whole egg. As soon as this 
aster fades away the c}i:oplasm again resumes the fluid state. 
Similarly, Chambers (1917) has shown that the asters during 
cleavage are areas of considerable rigidity w^hen compared vith the 
peripheral regions of the cell. 

Theory of astral cleavage 

If we are prepared to regard the asters as elastic spheres possessing 
a definite degree of elastic rigidity (see p. 158) and if we are prepared 
to admit that they grow in size at the expense of the fluid cytoplasm. 
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it seems possible to formulate a tentative theory of astral cleavage. 
Consider two solid and perfectly rigid spheres separated from each 
other and each surrounded by a film of liquid material (fig. 90 ^). If 
these two spheres are allowed to come into contact vhth each other 
aiey will adhere together by their liquid films, and if the latter are 
sufficiently voluminous there will be an accumulation of fluid at the 
region of contact, since in this way the total free surface of liquid 
is 'reduced to a minimum. Similarly if we start with two clean 
contiguous spheres and add to their surface a liquid, the latter will 
distribute itself as in fig. 90 B, and as the amount of liquid is increased, 
so the external surface of the liquid wflll more and more approximate 
to that of a sphere. The two contiguous spheres are, of course, held 
together by the surface tension of the fluid phase and can only be 
separated by applying a force sufficient to overcome this tension and 




Fi2. 90. A, Two solid spheres with a surface layer of liquid; B, the same spheres in 
contact. Note the aggregation of liquid at the equator of tiie system. 

the viscous resistance set up by the fluid when in a state of flow. If 
instead of using two rigid spheres in the above experiment, we use 
two elastic spheres whose degree of elasticity is such that the tension 
exerted by the common liquid surface is sufflcient to distort the 
spheres in an obvious way, then the region of contact between the 
spheres will be marked by a flat interface and each sphere will be 
compressed along its polar axis. An extreme case of such a system is 
provided by soap bubbles where the liquid phase is extremely thin, 
so that the equatorial accumulation of fluid is very small. Another 
example is provided by drops of water immersed in a drop of oil of 
the same specific gravity (Gray, 1924). If a fairly large drop of olive 
oil be immersed in a mixture of alcohol and water of the same 
specific gravity, it is possible to inject into the oil two drops of the 
external medium. If these drops are gradually enlarged, the external 
surface of the oil remains spherical until the diameter of each of the 
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enclosed and equal sized water drops is nearly half the diameter of 
the oil. If, now, the volume of the water drops be increased, or if 
the volume of the oil be decreased, a marked change in the form of 
the system takes place. The whole s\ stem elongates along its polar 
axis, the enclosed water drops flatten equatorially and are separated 
by a film of oil : simultaneously the oil flows away from the poles and 
collects at the equator as sIioato in fig. 91. 



Fig. 91 . Two water drops enclosed in a drop of olive oil. Note changes in the distri- 
bution of the oil and in the form of the water drops which occur when the relative 
volumes of water and oil are altered. The oil is black, the water white. 


Starting from the assumption that the asters represent two 
spherical elastic spheres which increase in volume at the expense of 
the peripheral fluid c}i:oplasm, we can apply the above principles 
to the cleavage of an egg. One would expect the egg to main- 
tain its spherical outline imtil the combined diameters of the two 
asters was equal to that of the spherical cytoplasm. At this point 
three tilings must happen : (i) the asters will be pressed against each 
other in the equatorial plane, (ii) the polar axis of the egg will 
increase in length as soon as the elastic force exerted by the asters 
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is sufficient to overcome the tendency of the cytoplasmic and hyaline 
surfaces to resist a change in form, (iii) as the polar axis increases 
with the grovdh of the asters, so the finid material ronnd the asters 
: i.e. the peripheral cytoplasm and the fluid between the hyaline 
nieinbrane and the cytoplasm) will begin to flow to the equator of the 
egg and this flow will continue until (a) the asters cease to grow, 
ih) the force required to keep the fluid material in motion is equal 
to that of the elastic forces exerted by the compressed asters. It will 
be recalled that a peripheral flow of cytoplasm from the poles of 
the cell to the equator has actually been observed during normal 
cleavage (Erlanger, 1897). 




Fig. 92. Diagram to illustrate the conversion of fluid c>i:opiasm into two elastic 
.spheres (marked by astral rays). During this process the fluid phases viii distribute 
themselves largely in the equatorial furrow. 


The theory of astral division here outlined stands or falls by 
the possibility of regarding the asters as elastic spheres capable 
of generating sufficient elastic energy to overcome the resistance 
offered by the peripheral cytoplasm and by the hyaline layer. An 
adequate proof of this fundamental point is not easy to obtain : it is, 
however, a reasonable interpretation of the observations of Chambers 
(1917) and of Heilbrunn (1921). It is also supported by the fact that 
when the astral rays fade away after cleavage the two blastomeres 
are more readily compressible than is the case when the asters are 
still in situ (see also fig, 59). 

There is one series of facts which are at once a support and a 
criticism of these conceptions. Most non-spherical cells divide at 
right angles to their longest axis. If the two asters are to be looked 
upon as two spherical masses free to move within the viscous c}i;o- 
plasm, they will naturally orientate themselves along the long axis 
of the cell, as is the case in Nematode eggs (see fig. 93). On the other 
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hand, such an. orientation is absent during the incomplete cleavagt^ 
eggs and in the unec^ual cleavages characteristic of 
ovarian maturation divisions. In such cases, the asters do not appear 
to be free to move within the cytoplasm but are apparently ancliored 
in an eccentric position. It is just conceivable that in these cases 
the viscous resistance of the cytoplasm is greater than the elastic 
or plastic strength of the cytoplasmic surface, so that as the asters 
grow they distort the surface of the cell instead of moving bodily 
through the cv’toplasm and long before their combined diameters are 
equallro that of the whole egg. 
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Fi ’. 03. Rotation of the first mitotic spindle in the egg of Ascaris; the arrows e and 
s show the path of approach of the male and female pronuclei. Note final positica 
of spindle in Iona axis of the egg. (From Korsehelt and Heider.) 


To some extent, the utility of any biological hypothesis depends 
on its width of application, and an obvious objection to be urged 
against any theory of cleav^age which ascribes a specific role to the 
nfitotic asters is the fact that some cells exhibit no asters during 
cleavage. As far as is knovvm, however, when astral rays are absent 
from a dividing animal cell, the orderly formation of a geometrical 
cleavage furrow is never clearly marked, although it is said to occur 
in certain plant cells (Farr, 1918). It will be noted, however, that the 
essential character of the aster is not the presence of astral rays, but the 
possession of a definite degree of elastic rigidity. It is quite possible 
that such a physical state might exist locally in the cell without a 
visible radiate structure. The presence of two such regions would 
account for the ellipsoidal form of dividing leucocytes. In other 
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words, the cleavage mechanisms of an egg and of a fibroblast may 
be essentially the same, except that, in the latter case, there is no 
visible sign of the elastic regions at the poles of the cell. 

Burrovs (1927) has recently ascribed the cleavage of fibroblasts to the 
■ eentrospheres ’ (= asters) and although this conception harmonises ■nith 
the hqjothesis sketched above, it must be admitted that no very obvious 
■woof exists to show that centrospheres are actually present in such cells 

as risid structures. 

When all has been said in its favour, any theory of cell division is 
at present open to the fundamental objection that we are unable, 
by direct experiment, to measure the magnitude, nature and dis- 
tribution of the forces generated within the cell. All we can do is 
to rely on visual phenomena and interpret them as best we may. 
Unfortunately, visual phenomena are seldom identical in any two 
types of cell. An observer is likely to attribute greater importance 
to a particular phenomenon if this is more strikingly obvious than 
another in the particular material he is observing: in another type 
of cell the clarity of the two phenomena may be reversed and a 
different perspective is obtained. For this reason, it is not hard 
to reach a position more adapted to dialectic skill than scientific 
enquiry. 


Alternative theories of astral cleavage 

Just’s (1922) theory has already been mentioned. This author 
regards the hyaline layer as the effective mechanism of cleavage and 
claims that an equatorial accumulation of hyaloplasm occurs before 
the polar axis begins to elongate and before any equatorial furrowing 
begins. If this be true, then the theory outlined above must be 
revised. A very careful observation of the normal eggs of Eckin-us 
eseulentus leads to the belief that Just’s conclusions are not 
Mpplicable to this material; only in abnormal eggs, wliich fail to 
divide, is there any local aggregation of hyaloplasm W'hilst the egg is 
in the spherical condition. There can be no doubt whatever, that in 
Arbacia or Echinarachnius eggs the hyaline layer is much thimier 
than in E, eseulentus, and for this reason close observation is more 
difficult. Just’s point is, however, of fundamental importance and 
should be determined without delay : there is no reason why such a 
difference of opinion should exist, since the truth could be estab- 
lished by cinematography with reasonable ease. At the same time, 
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the behaviour of eggs denuded of the hyaline layer seems to preclude 

Just’s main conception of cleavage. 

In marked contrast to Just’s theory is the hypothesis put forward 
bv Chambers (1919). This author, far from regarding the hyaline 
layer as the active cause of division, denies that it plays any part in 
determining the form of the dmding egg. Chambers claims that the 
hyaline layer can be removed (by microdissection) from the egg 
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F'' • 'tl Development of an Asterias esg after manipulation -n-ith a needle so as to 
stippreK the Brst cleavage furrow. The egg ultimately juelds a normal larva. (Froa 
Chambers.) 

prior to division, and that, after such treatment, normal cleavage 
ensues. This view' overlooks the fact that the hyaline laj^er is ter\ 
rapidly regenerated in normal sea 'ivater, and that it unquestionably 
controls the form of the cell during the intercleavage periods. On 
the other hand, Chambers was the first author to suggest that the 
asters are to be regarded as rigid bodies which are the active agents 
of cleavage. ‘The segmentation process may be explained as con- 
sisting essentially in a growdh within the egg of two bodies of material 
through a gradual transformation of the cytoplasm. This trans- 
formation is associated with a change in the physical state of the 



CELL DIVISION 


213 


protoplasm, two semisolid masses growing at the expense of the more 
Jkid portions of the cytoplasm’ (Chambers, 1919, p. 52). 

Py moans of specially prepared, needles Chambers was able to operate 
on the dividing eggs of ^7'hacia and A.stevias. In one experiment the 
ainphiaster was destroyed by mechanical agitation, and consequently no 
eleavage furrow formed until new asters had developed preparatory to 
the second cleavage into four cells. That practically the whole c\'topiasm 





Fig. 95. By means of the needles shown at the top of the figure, an egg of Asterim 
was cut as shown in a when the asters were well developed. Note that the form of 
the cut surface is retained for some minutes. (From Chambers.) 

of the egg possesses considerable rigidity when the asters are fully 
developed is shown by fig. 95. If a cut is made into an egg at tliis 
stage, the form of the egg is retained, and the edges of the cut are well 
defined: this is not the case if a cut is made before the asters are well 
developed. The results of these experiments lead to the conclusion that 
the changes in shape during cleavage are due to the formation of the two 
rigid asters, and it is this process which leads to the elongation of the egg 
axis prior to cleavage. 

The three hypotheses now considered all attribute cleavage to the 
mechanical pressure exerted either by the hyaline layer, or by the 
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gro’n’iiig asters, or both. lu this they differ from the tjpe of hypo- 
thesis put forward some years ago by Robertson (1909—13). 
McClendon (1912, 1913), and more recently by Spek (1918). These 
authors attribute cell cleavage to localised alterations in the 
^ surface tension ^ c*f the cytoplasm- It has already been mentioned 
that during the de-\-elopment of a cleavage furrow there is a peri- 
pheral flow of liquid cytoplasm vlth its granules from the poles of 
the cell to the equatorial furrow. Whereas earlier observ'ers were 
inclined to regard these moving currents as the active cause of 
cleavage, Spek suggests that they are caused by localised changes 
in surface tension on the ceil surface and that it is these changes 
which are the direct cause of both cleavage and current formation. 
As Chambers (1924) points out, the currents seen in the slowly 
cleaving echinoderm eggs are much less obvious than those seen in 
the more rapidly dividing nematode eggs observed by Spek. 

The theories of Robertson, McClendon, and Spek are all based 
upon analogies drawn from the behamour of oil drops floating or 
immersed in water. IMcClendon infers that cell cleavage is due to a 
reduction in the interfacial tension at the poles of the cell ; Robertson 
on the other hand infers that the reduction takes place at the equa- 
tor. For the details of these arguments reference must be made 
to the original papers, but it is necessary to draw attention to the 
fact that the models put forward will only wmrk successfully under 
certain conditions. In practice, an oil drop can only be made to 
divide by alterations of interfacial tension when {a) the drop is of 
considerable size, (b) when the rate at which the differential surface 
tension develops is very rapid, and in order that this may be the case 
very powerful reagents must be used. If the drop of oil be veiy 
small, any difference set up in the interfacial tension at one point is 
rapidly transmitted over the whole surface, and onty a momentaiy 
disturbance in the form of the drop is observed. In the case of a 
larger drop, cleavage only occurs when the alkali employed for the 
local change in interfacial tension is sufficiently strong to act vith 
great rapidity: otherwise the whole surface comes into equilibrium 
before cleavage can occur. The living cell is extremely small in 
comparison to the oil drops used for such experiments, and the 
application of such reagents as were used by McClendon or by 
Robertson would immediately cause the death of the cell. Again, 
the process of normal cleavage is relatively slow; it may take at 
least half an hom-. 
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The velocity at which a cleavage furrow cuts through the equator of 
5 cell does not appear to have been recorded, although it is of some interest, 
4 few observations on the eggs of Echinus indicate that the velocity at 
which a furrow cuts through the cell is very slow; if the cell is 100/x in 
diameter, cleavage may occupy about 30 minutes at 11-0^ C.— this is 
equivalent to a velocity of about 1 cm. in two da^^^s. At lower tempera- 
tures the process is very much slower. It is interesting to note that the 
velocity of cleavage is more or less independent of the size of the cell, so 
that large cells take longer to divide than do smaller cells— a fact which 
is in marked contrast to the mitotic division of the nucleus (see p. 146). 

There is no reason to suppose that the energy required to cleave 
an echinoderm egg is of a different order to that required to cleave 
a Paramecium, and this (according to Mast and Root, 1916) is of 
the order of at least 383 dynes per square centimetre. When we 
compare this with the differences in interfacial tension which can be 
set up at an oil/water surface, it is difficult to accept the view that 
there is any real comparison to be drawn between the cleavage of 
a single-phase oil drop and that of a living cell. 

Both Robertson and McClendon make one very important assump- 
tion. They assume that the surface of the living cell is of a liquid 
nature. Further, both authors leave their analogy at the point 
where the cleavage is just complete. One of the most striking fea- 
tures of the fully cleaved cell is that the two resulting blastomeres 
show no tendency to fuse with each other. Newly cleaved oil drops, 
however, fuse together readily as soon as they are again in contact : 
they can only be prevented from fusing if a third phase be present 
which forms a protecting layer on the surface of the oil sufficiently 
strong to oppose the operation of surface forces (see p. 250). There 
is no evidence that either McClendon’s or Robertson’s experiments 
would succeed under such conditions. 

One significant fact is often overlooked. If, after a cleavage furrow' has 
begun to form, it be brought to a standstill by mechanical destruction 
of the aster — by cold, or by chemical means — the furrow itself is relatively 
stable, andis only slowly obliterated (see figs. 87, 88). All incomplete furrow's 
would be highly unstable if the cell surface were liquid or were under 
mechanical tension. Since the egg surface is solid, such forms are readily 
explicable. The hyaloplasmic membrane is extensible but is not perfectly 
elastic, so that when once it has been elongated by the growth of the 
asters, it tends to prevent the cell regaining its original spherical form 
when the asters are removed from the partially cleaved cell. 
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The energetics of cleavage 

Although the elastic properties of the cell surface can be demon- 
strated with ease, it is by no means a simple matter to obtain a 
quantitati\'e estinmte of tiie force which must be applied to effect 
a change in surface area equal to that produced by normal cleavage. 

An attempt to obtain such data has been made by Vies (1926;. 
whose estimate of the surface energy of a spherical cell is based on 
the fact that when isi equilibrium with a distorting force the degree 
of departure from the spherical form is a function of the surface 
energy. When a spherical egg cell is resting on a horizontal plane 
and is in equilibrium with g^a^-ity, the surface energy (a) of the cell 
surface can be expressed by the empirical formula 

where a is the Iiorizoiital diameter of the egg and b is the vertica! 
diariieter: is the density of the egg and the density of tlie 

rnediinn. At pH 8*0 — which is the appropriate value for sea water— 
the surface forces have a value of approximately 20 dynes per square 
ceiitiriietrej or roughly that characteristic of an olive oil/water inter- 
face. Prior to and during the process of cleavage the eccentricity of the 
egg in equilibrium with gravity fluctuates considerably and imme- 
diateiv prior to the normal elongation of the mitotic axis there is a 
niarked increase in the power of the egg to resist deformation (see 
fig. 96 j. 

It will be noted that the distorting force of gravity is opposed by 
more than the so-called surface tension of the egg surface. This 
surface is composed of an elastic solid, so that Vies’ observations are 
probably a measure of the elasticity of the surface rather than of 
the intensity of forces strictly^ comparable to surface tension. It is 
also rather doubtful how far it is legitimate to assume that the only 
force opposed to gravity is located at the egg surface for this would only 
be true if the interior of the cell is entirely fluid ; if it has, at any time, 
a finite degree of rigidity', the resistance offered to gravity would be 
temporarily' increased. Since the mitotic asters possess rigidity, the 
marked increase in the value of a immediately^ prior to cleavage may 
be due to changes inside the cell rather than at its surface. It would 
be interesting to consider how far Vies’ data would enable us to 
predict the amount of energy^ required to increase the surface area 
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of an egg by 25 per cent., which is approximately that produced 
by equal cleavage. 

Apart from this isolated observation all our data concerning the 
energy disturbances during cell division are based on indirect 
methods of attack. In 1904 Lyon attempted to measure the in- 
tensity of carbon dioxide production during the cleavage of the eggs 
of Arbacia. His results, admittedly based on a someAvhat indifferent 
technique, indicated that the actual process of cell division was 
accompanied by an increased production of COg. Inapparent contrast 



Fig. 96. Surface tension, expressed in dynes per sq. cm., of an egg of 
Paracentrotiis prior to and during cleavage. (From Vies, 1926.) 

to this observation, Lyon found that this period of increased carbon 
dioxide production did not coincide with that period of the division 
cycle during which the egg is most susceptible to lack of oxygen or 
to the presence of potassium cyanide. ‘When oxygen is most 
necessary and presumably is being used in largest amount, COo is 
produced in least amount.’ Lyon made it abundantly clear that he 
did not regard his experiments as of sufficient accuracy to warrant 
far-reaching conclusions, but he inferred tentatively that the energy 
for cell division is derived from a non-oxidative reaction. Some 
years later Warburg (1908) investigated the rate of oxygen con- 
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sumption of echinodom. cirgs at varj-ing stages of segmentation, and 
shosL quite conclusively that as development proceeds so the 
demand for oxvgen inereases. There is some tendency to aceept 
aesc facts as an hidication that the process of cleavages mtmiately 
associated with increased respiration and. at first sight this point 

of view is supported bv the more recent observations of t les lKs). 

m author Ibscr.-cd the ehanges in the hydrogen-ion concentration 



Fig. 9T. 


Correlation betrveen evolution of CO, and cell ^vision (after Vies). 
Each cleavage appears to initiate an outburst ot CUo, 


of the sea tvater in immediate contact vith the dividing eggs 
of Faracentrotus, and reported marked cyclical changes m respect 
to each cleavage cycle. Vlfes’ data are embodied in fig. 97. The 
respiratorv changes observed by Vies are obviously different to 
those deskbed by Lyon, since in the former case the penod of 
most intense COj production follows cleavage, whereas m the latter 
case it marked the actual period of cleavage itself. 
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In view of the theoretical significance of a change in respiratorv activity 
during cell cleavage, it may perhaps be permissible to point oiit one or 
two peculiarities in Vies curve. It would appear that just prior to the 
third cleavage there is an actual absorption of CO^, unless this point is 
due to experimental error. If this be so, however, many of the points 
employed to show that there is a periodic formation of CO. also lie 
,rithin the experimental error. Again, after the third cleavao-e the ecro-s 
do not appear to have given off any CO^ for more than one hour Before 
attaching implicit faith to these facts one would like to know more pre- 
cisely the conditions under which the experiment was earned out. In 
experiments dealing with small variations in the respiration of cells it is 
essential that the conditions should be accurately defined. For this 
reason, the results of Vies cannot strictly be compared to those described 
below. In Vies’ experiments the COg was allowed to accumulate and the 
ews were not agitated. 

In order that an accurate estimation of the rate of carbon dioxide 
production or of oxygen absorption may be made at different stacres 
during the whole mitotic cycle, it is necessary that the conditions 
of the experiment should be such as will allow the eggs to develop 
normally and at the same rate, so that practically all the cells cleave 
at the same time. Again, in order that several determinations can 
be made during the comparatively short time occupied by the 
cleavage process, it is advisable to prolong this period by carrying 
out the whole experiment at a fairly low temperature. Aar attempt 
to fulfil these conditions was made by Gray (1925). The eo-gs of 
Echinus esculentus were used, their oxygen consumption beinv mea- 
sured by means of a differential manometer. In these eggs the first 
cleavage furrow cuts through the egg in about 30 minutes (at 1 1 -0 = C. ) 
after its first appearance ; the time required for subsequent cleavages 
is shorter. The results of such experiments (see figs. 98, 99) indicate 
that there is no measurable change in the rate of oxygen consumption 
associated with the act of cell division. At the same time it is im- 
portant to remember that a cell when deprived of oxygen will not 
dhide. This was first shown by Loeb (1895). 


Mathews (1907) found that agents such as cold, quinine, and anaes- 
thetics which are known to reduce oxidations also prevent cell dhision, 
and cause a disappearance of the astral rays. Mathews concluded that 
the whole process of cell division is intimately associated with the oxida- 
tive processes in the egg, and that the periodicity of the former is due to 
a periodicity in the capacity of the cell to carry out oxidations involving 
the use of atmospheric oxygen, this periodicity in oxidative power being 
due to the periodic liberation from the nucleus of an oxidase whenever 
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iie nuclear membrane breaks down. In opposition to this conclusion is 
^lie fact established by Warburg that the level of oxygen consumption 
of the eggs can be maintained almost unchanged when the periodic 
diaiK^es of the nucleus are entirely inhibited. 


Table XXVIII. Mm. pressure Og used per half hour by fertilised 
eggs of Echinus 


No. of 

experiment 

30 minutes 
immediately 
previous to 
division 

30 minutes 
during 
division 

30 minutes 
immediately 
after 
division 

No. of 
di\ision 

A 

13-0 

12-3 

14*0 

1st 

A 

14-8 

150 

13-7 

2nd 

i A 

16-4 

15-9 

18-3 

i 3rd 

1 ® 

14-1 

13*6 

13-0 

! 1st 

B 

13-3 

13-4 

13-7 

2nd : 

C 

6-5 

61 

7-1 

j 1st ‘ 

D 

21-0 

190 

21-0 

i 1st 

Totals 99*1 

95-3 

100-8 



20 40 60 80 100 120 140 160 180 200 


Time in minutes 

Fig. 99, Graph showing the rate of oxygen absorption during the process of cleavage. 
Note the absence of any measurable change in oxygen consumption prior to or after 
cleavage. The upper graph shows the rate of oxygen consumption during successive 
ten minute intervals ; the lower graph shows the rate during successive hve minute 
intervals. (Gray.) 

It seems necessary to distinguish between a general disturbance 
of the celFs activity which accompanies a lack of oxygen and those 
specific reactions within the ceU which require atmospheric oxygen. 



222 CELL DIVISION 

From the evidence available ve naay draw one of two conclusions. 
Either the process of cleavage does not involve redistributions of 
ener<TV which involve oxidative reactions; or, the oxidative changes 
wMch provide the energv for cleavage (being less than 2 per cent, of 
the total oxidations of the whole egg) cannot be detected by the 
methods so far emploved. The same unfortunate position is reached 
from a consideration of the heat production during cleavage. 
Meverhofs (1911) curve was not based on experiments having 
the particular objective now involved, but its close resemblance to 
the curve of oxvgen consumption suggests that the two processes 
are closelv associated with each other. There is, in other words, no 
positive e\-idence to indicate a disturbance in the rate of heat pro- 
duction during cleavage. The more recent work of Rogers and Cole 
(1925) is less easily interpreted, but it does not seem to elucidate the 

nature of the cleavage process. ... j? , 

It is clear that a spherical egg 'with its plastic surface layer cannot 
be divided into two parts without the expenditure of energy; during 
this process there must be a thermal disturbance. It seems reasonable 
to nippose that this disturbance could be measured if the technique 
employed were sufficiently accurate. From the data at present 
available, we can only conclude that the energy which the ceil 
Expends during cleavage forms only a very small fraction of the 
total energy which the cell requires to maintain its normal life. 
From the point of view of energetics, cleavage, like grmvth, is a 
comparatively insignificant process in the life of the cell. 

The effect of cell division oti the form of epithelial cells 

Just as the form of the first cleavage furrow of a sea urchin’s egg 
is in part determined by the mechanism which afterwards binds one 
cell to another, so to a much greater extent would one expect the 
same factor to operate when a dividing tissue cell is completely 
surroimded by its neighbours. The changes in form of an epithelial 
cell undergoing division have not been observed in life, and v ould 
form an interesting object of study. In some cases it would appear 
as though a prismatic epithelial cell becomes spherical prior to 
division (Seeliger, 1893 ; Korschelt, 1888) and that its cleavage is not 
unlike that of an unsegmented spherical egg. Whilst this may some- 
times be the case, it can hardly be true of all epithelial divisions. B\ 
subjecting the segmenting eggs of Echinus esculentus to gentle 
pressure, it is possible to observe the cleavage of cells which are in 
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intimate contact with their neighbours, and in no case has a cell 
been seen to become spherical before cleavage. The first sign of 
approaching cleavage is an elongation of the polar axis whreh is 
accompanied by a bending of the e<^uatorial interfaces tow^ards the 
centre of the cleaving cell (fig. 100, 2). This distortion of the inter- 
faces involves marked changes in the form of the adjacent cells w'hich 
accommodate themselves accordingly. The actual cleavage furrow 
cuts through the dmding cell in a plane at right angles to the long 



Pig. 100. Camera luoida drawings of cleaving cell in E. esculentm blastula. Note that 
the neighbouring cells a and e have accommodated their form to that of the dividin g 
cell. The furrow / cuts vertically through the cell. * 



Fig. 101. Diagram of division of a hexagonal epithelium cell. The equatorial interfaces 
flfli and bbi are distorted so that — after the vertical furrow f has cut through tiie 
dividing cell B — each daughter cell is a pentagon and the two adjacent cells *4~aiid C 
have each acquired a new interface, making a gross increase of six interfaces. 

axis and at right angles to the plane of the epithelium, so that when 
cleavage is complete the two daughter cells have acquired between 
them four new interfaces and the adjacent cells have each acquired 
one extra interface (see figs. 100, 101). 

The cells in the wall of a blastula, like those in a typical epithe- 
lium, have a variable number of interfaces, although the average 
uumber is no doubt six (see p. 257). Taking a six-sided cell as\ 
typical unit, Lewis (1926, 1928) has considered in some detail the 
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theoreticaldtectofcelldivisto, Haregular hexagonal cell (flg W!i 

divides vith the mitotic spindle orientated asong one ot the three 
major axes, the cleavage plane trill lie along one of the axes a b, ore. 
Ck--.v,oe trill result in the production of ttro vert- irregular pentagons. 
If t‘lK iell interfaces are plastic and tend to reduce the tansrerse 
section of each cell to a regular pentagon, the net resu t of ditision 
is the production of ttro pentagons and ttro heptagons (see hg. lot,. 
Each product of dirision ( a and a.) is a pentagon trhereas t™ neigh- 
boiirine cells (6 and 6, 1 acquire an additional surface. Sii^arlt , if m a 
sheet o't hexagonal eeils any one eell and its six neighboiirs ditode 

;imnltaneouslv.theretrinresuIteightnetrhex«gonnleeUs,aiidsLxue,v 

“.. ..h. .-,-.,1 ceils while two peripheral non-dividmg cells ’mil become 
it 1 iit ■ t •- ni . ar. d two octagonal ; the average number of sides possessed 



bv ad the new or reoraanised cells being exactly six. The existence of 
p'entagonah heptagonal, or octagonal cells in a normal epithelium of 
hexagonal cells mav therefore be the direct result of cell db ision. 
Lewis accepts tliis' point of %-iew and has put forward possible 
h\-potheses which account for the existence of cells vith less than 
five or more than eight surfaces in transverse section. It may be 
mentioned, however, that an alternative interpretation of the 
various types of polygon was put forward by Wetzel (1926), who 
stresses the disturbing effect of unequal growth on the symmetry of 
a hexagonal system (see Chapter X). 

There can be little doubt that in the wall of a blastula the irre- 
fudaritv in the number of facets possessed by different cells is largely 
due to'initial irregularities of size, rather than to the effect of cel 
division or to variation in the growing powers of the ceU. The ideal 
system considered by Le-wis is none the less of interest and of con- 
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siderable importance when applied to plant tissues. In animal cells 
the junction between two interfaces is not fixed, but can move in 
response to altered stresses throughout the system, and consequently 
the length of any given interface (as seen in section) may vary 
eonsiderably when a neighbouring cell dmdes. Whether this is true 
ill plant cells is doubtful, and if Lewis is correct in assuming that it 
is not the case in Cucumis, interesting problems at once arise. By 
actual measurement Lewis found that in section every ceil inter- 
face is approximately of the same length irrespective of the number 
of sides possessed by the cell, and this implies that the act of cell 
division involves a marked change in the area covered, not only by 
the dmding cell, but also by its neighbours. According to Levis 
(1928) the area covered by a cell is roughly (n — 2) a, where u is a 
constant and n the number of sides in transverse section, so that the 
area of the original hexagonal cell A is 4a, and that of each daughter 
pentagon is 3a. The two daughter cells therefore together cover an 
area 50 per cent, larger than the cell from which they were derived. 
Similarly each of the cells b and see fig. 102, by acquiring a 
seventh side increase from 4a to 5a — or together add an area 
equal to 50 per cent, of a hexagonal cell. Thus the total and 
immediate effect of cell division is materially to increase the area 
covered by the whole series of cells affected. Levds associates the 
increase in surface area postulated at cell division with the groviih 
of the cells involved, but it is difficult to understand how this could 
occur with such rapidity. Until the volume of the cells in the neigh- 
bourhood of dividing plant cells has been assessed, and until the 
process of division has been seen in life, it seems doubtful how far 
further speculation is advantageous. 

If a hexagonal cell divides so as to give two daughter pentagons whose 
total area is equal to the original hexagonal cell, and if the two daughter 
pentagons are regular, then the length of one of the sides of the pentagon 
must be 0*869 times the length of the side of the original hexagonal cell. 
This could only occur if there were a corresponding reduction in the 
length of all the sides of the adjacent cells. Some such adjustment 
probably occurs in animal tissues, but in plants Lewis suggests that ail 
the non-dividing cells can retain their normal length of side by growth 
on the part of the pentagons and of two of the neighbouring cells as above 
described. By similar reasoning, a non-di\dding pentagon in contact 
with two dividing cells would increase its surface area by more than 
60 per cent. 

It is interesting to note that epithelial cells do not appear to 
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divide when thev attain a critical size, for the main factor associatea 
with the cleavage of Cucumis cells appears to be the number oi 
interfaces nresent. The hisher the number of interfaces the greater 
of cleavages observed Since the volume of the 
cell appears to increase with the number of interfaces, it follows that 
the larcrer the cell the more iikely it is to divide. 


The factors zchich determine the direction of the planes of cleavage 

From a biological standpoint the cleavage of a cell involves more 
fundamental changes than a quantitative division of the cell mas. 
Since the entire animal with its differentiated parts owes its ultimate 
sh-ine to the size, position, and form of its constituent cells, thefactors 
wWch detoniin; the direction of each cell cleavage are of very real 
simuiicance in an attempt to understand the mechanism which 
underlies the nrocesses of embryology. Is an animal s form deter- 
mined bv those mechanical conditions which control the form, size 
•ird position of the constituent cells? Alternatively, do particular 
eeds cleave in a particular manner and orientate themselves m a 
particular position because of an inherent property of the living 
niaterial of which thev are formed? A discussion of the problem 
in\his form would lead far away from the scope of this work: 
all that concerns us here is the evidence which throws light on 
those forces which can influence, if not determine, the plane in 
which a given cell vdll divide. Roughly speaking, the evidence can 
he divided into two sections: an analysis of the relation of a 
cieava<^e plane to an organised or predetermined axis of the organ- 
ism oirthe one hand, and to the external environment of the cell 
Dll the other. 

One of the most obvious features of all cleavage planes is the fact 
that they are at right angles to the long axis of the existing mitotic 
spindle: it therefore follow'S that the direction of the resultant 
cleavage plane in respect to the whole cell is determined by those 
forces which are responsible for the orientation of the w'hole mitotic 
figure. If we consider an inter-kinetic nucleus lying towards the 
centre of a spherical cell, it is obvious that the long axis of the sub- 
sequent spindle is determined (so far as the nucleus is concerned) as 
soon as the centrosomes have orientated themselves at the poles of 
the nucleus. In the case of some eggs, the poles of the nucleus (as 
defined by the position of the centrosomes) bear a definite relation- 
ship to the cytoplasmic elements of the cell. This is clearly the case 
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la the frog’s egg where the first cleavage plane passes through the 
aainial and vegetable poles of the cell. We can. however, go back 
a step further. In frogs’ eggs Roux (1885) and afterwards Morgan 
and Boring (1903) showed that the first cleavage plane, in the 
majority of cases at least, marks out the median line of the future 
enibr\'o. A.t the same time the first cleavage furrow passes through 
or near the point of entry of the spermatozoon into the egg, e.g. in 
frogs’ eggs (Roux, 1887), in the sea urchin Toxopneustes (Wilson and 
Mathews, 1895) and in Nereis (Just, 1912). 

The series of events which relate the entry of the spermatozoon 
with the cleavage furrows were clearly described by Wilson and 




Flii. 103. Diagrams from successive camera lucida drawings of the iivino enns of 
Toxopneustes. E, Point of entry of sperm. M, Position of fusion between male and 
female pronuclei. C, Axis of first mitotic spindle. F, First cleavage plane. fFroni 
Wilson and Mathews.) 

Mathews (1895). The fertilising spermatozoon may enter at anv 
point on the surface of the egg of Toxopneustes and its point of entry 
is marked by the so-called ‘entrance cone’ (see p. 424). After in- 
clusion into the cell, the sperm nucleus is marked by a sperm aster 
and both structures move into the interior of the cell on a path 
closely approximating to, but not coinciding with, a radius of the 
egg (fig. 103). During the time occupied by the approach of the 
female pronucleus, the sperm nucleus may be slightly deflected from 
its original penetration path, but the angle of deflection is slight; 
after fusion, the zygote nucleus passes to the centre of the cell. 
Within certain limits, therefore, the sperm nucleus travels straight 
to the centre of the egg, so that the central point of the male astro- 
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sphere lies on or near a line joining the centre of the zygote nucleus 
to the point of entrv of the spermatozoon. The asters of the first 
cleavage are apparently formed by a polar migration of ’ archiplasur 
from the centre of the male aster as described elsewhere (see p. 162 , 
so that the axis of tlie first mitotic spindle is at right angles to tht 
path of entrv of the spermatozoon. Since the cleavage plane is at 
riaht amrles to this mitotic axis, it follows that the cleavage furrow 
must pass tlirough or near the point of entry of the spermatozoon. 
This close relationship between the point of entry of the spermato- 
zoon and the direction of the first cleavage plane is found also in 
fr.Krs- e.^-s 'Roux, 1887) and in the polychaet Nereis (Just, 1912). 
Curiouslv enough, the rule is not absolute. In Just’s experiments 
(in wliicii the point of entry was deternuned by a trail of Indian ink 



r: . ina rif^vine of the C'T'.' of Xereis showing cleavage plane passing through the 
mV rt .-,tentr%“of the sperniaTozcon. This point is marked by the trail of Indian ink left 
of the spermatozoon through the gelatinous egg membrane. (From Just. i 


left in the cortical jellv of the egg by the fertilising spermatozoon 
{see fis. 104)), out of a total of fifty-six eggs the first cleavage furrow 
passed through the point of entry of the spermatozoon in forty-six 
eases, whereas in ten cases this rule xvas not obeyed. How far these 
exceptions to the rule are only apparent is uncertain ; it is possible 
that in some cases the egg rotates within the cortical jelly before tk 
cleavage furrow develops, so that the trail of the spermatozoon 
through the jelly no longer indicates the point of entry into the egg. 
This remarkable relationship between the first cleavage furrow and 
the point of entry of the spermatozoon is of considerable theoretical 
importance. As already mentioned, the first cleavage furrow is often 
either coincident with, or closely approximates to, one of the mam 
axes of symmetry of the resulting organism, so that if the spermato- 
zoon can enter at any point on the egg’s surface, it follows that the 
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axes of sTOimetry cannot be predetermined before the egg is fer- 
tilised, but are determined by the point of entry of the spermatozoon. 
In this respect the recent work of Morgan and Tyler (1930) is highly 
significant. These authors found that the degree of correlation 
between the first cleavage plane and the point of entry of the sper- 
matozoon varies in different types of egg: in Cumingia it is as high 
as 78 per cent., in Chaetopterus it is only 41 per cent. Morgan and 
Tvler’s results are summarised in Table XXIX. 

In all these cases the first cleavage is unequal and passes to the 
right or to the left of the polar axis (as defined by the position of the 
polar bodies) of the egg. In Cumingia either the first or the second 
cleavage furrow may become the median plane of the body. These 
two facts must be taken into account in any attempt to define the 
factors which control the direction of the early cleavages (see p. 235). 

Table XXIX 


Species 

Total number 
of eggs 
observed 

Percentage 
of eggs with 
first cleavage 
through 
point of 
entry of 
sperm i 

i 

Percentage 
of eggs with 
first cleavage 
^vithin 45® of 
point of 
entry of 
sperm 

Percentage 
of eggs with 
first cleavage 
between 45' 
and 90® of 
point of 
entry of 
sperm 

Cumingia 

98 

78 ! 

14 

8 

Chaetopterus 

116 

41 I 

30 

29 

Nereis 

64 

51 i 

27 I 

22 


In egg cells, which are not spherical or in which there is a marked 
physical heterogeneity in different parts of the cell, the direction of 
the first cleavage furrow is clearly not solely dependent on the point 
of penetration of the spermatozoon. In nematode eggs (Erlanger, 
1897) the polar axis of the zygote nucleus lies at first along one of 
the shorter axes of the cell, but gradually rotates so as to lie in the 
plane of the long axis ; eventually the first cleavage furrow is formed 
at the equator of the cell (see fig. 93). A comparable phenomenon 
can sometimes be seen during the second cleavage of echinoderm 
eggs (Gray, 1927). 

From this point onwards twm fairly well-defined lines of enquiry 
appear to be open. We may follow the relationship between par- 
ticular cleavage planes in early ontogeny and the major axes of the 
subsequent organism; or we may- seek by experiment to alter the 
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natural course of cieaA-age and. by changing the normal plane of cell 
division, gain some insight into the nature of those forces which are 
the controlling factors in natural development. Since one of the 
main purposes of this book consists in delving into the mechanical 
characters of cell activity, we shall first follow the latter line and 
then, retracing our steps, attempt to see how far its course diverges 
or ;>T ipH' w the path of experimental embrj ologji. 

The ejfeci of mechanical pressure upon cleavage playm 

Roughly speaking, the laws associated with the names of 0. Hert- 
wig flSiiSj and of P.hiiger (1SS4) can be summed up in one sentence, 



Fis. 105. E^g of Echinus microiuberciilotus segmenting under pressure; a, the third 
cleavase yields a flat plate of eight cells instead of two tiers of four each; b, 16-celled 
stage showing tangential fourth division; c, the lines show the mitotic axes of the 
fifth division^ in every case this is in the long axis of the cell; d, shows the resultant 
02-celled stage; e, 64-cells: -h signifies a vertical division; a line indicates a 
horizontal division. (From Ziegler.) 


‘ The cleavage plane is at right angles to the longest axis of the proto- 
plasmic mass ’. The real significance of this fact is, however, more 
clearly expressed in Pfluger’s dictum, ‘ The mitotic figure elongates 
in the line of least resistance’; consequently the cleavage plane is at 
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ri^iit angles to this line. Pfliiger s conclusion was based on a series 
(I experiments in which the eggs of the frog were induced to cleave 
under pressure; in such circumstances the cleavage plane was always 
iii the direction of or in the same plane as the applied pressure. 
Pfluger’s results w^ere confirmed and amplified by Roux, and were 
extended to echinoderm eggs by Driesch (1898 a), Ziegler ( 1894 ), and 
Vatsu ( 1910 ). Ziegler’s results are perhaps the most interesting, as 
with the aid of an irrigated compressorium he w'as able to follow’ the 
cleavages of a compressed egg through several divisions. His results 
diowed clearly that, as long as the pressure was exerted by two flat 
plates, each cleavage plane was at right angles to the plates, whilst 
the mitotic figure lay in a plane parallel to the plates. It is worth 
noting that the two plates of the compressorium were fixed during 
the whole of Ziegler’s experiments, and consequently there was no 
force exerted by the weight of the cover-slip. Ziegler was inclined 
to regard each cell as a fluid drop and consequently it is a little 
difficult to see w’hy the pressure wuthin the drop should vary from 
one plane to another. There can be no doubt whatever that the 
cleavage planes are at right angles to the plane of the externally 
applied pressure, but it does not follow that the mechanical pressure 
of the plates is in any way transmitted directly to the mitotic figure. 
Since the cytoplasmic matrix of the cell is liquid, the pressure at all 
points must be equal even if the surface of the cell is subj ected to lateral 
compression. If, however, we are prepared to regard the two growing 
asters as regions of elastic rigidity, then they will be subjected to 
pressure as soon as they come into contact with the periphery of the 
cell; until then they will not be subjected to compression. If one 
axis of the cell is longer than another, then polar compression of the 
asters can be delayed by a rotation of their axis into the longest axis 
of the cell, just as occurs in the normal egg of the nematode. A simi- 
lar orientation often occurs in normal echinoderm eggs (see fig. 106 ). 
If this is sound doctrine, Pfluger’s law of cleavage acquires a real 
meaning; without such an assumption the phenomena of cleavage 
under pressure seem curiously irrational. A disturbance of the 
subsequent cleavage planes is not a response to a change in intra- 
cellular pressure but to a change in the shape of the cell whereby 
one axis becomes longer than either of the other two. 

There can be little doubt that the application of an external 
pressure has proved by far the most efficient method of influencing 
the direction of a cleavage furrow. The facts clearly show that the 
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direction of cleavage of a compressed cell is the result of a movement 
on the part of the astral axis: in other words, the whole mitotic 
apparatus moves bodilv tlirough the cell until it comes to lie in the 
lon<Test axis of the ceil. This movement could only occur if the pres- 
sure exerted on the asters (presumably by the cell surface) is greater 
than the viscous resistance of the cjdoplasm. If this resistance were 
relatively great, a ceil could divide in a plane paraUel to instead of 
at right angles to its longest axis, and this may possibly sometimes 



Fin. 106. .Movement of two as\TiimetricaUy situated asters in an Echinus egg. In 
1 the centres of the asters are at a, in 2, they lie at 6, in 3, they lie at c, c^; in 
4’ the diameter of each aster is equal to the radius of the egg, so that the centres of 
the asters {d, d^} must lie on a diameter of the egg and produce symmetrical cleavage. 


be the case in nature. Wilson (1892) and Conklin (1898) have given 
examples of such anomalous cleavages. It may be remembered that 
in echinoderm eggs, which are the favourite object of compression, 
the spindle with the asters can be moved through the cell by centri- 
fugal force, and that there is independent evidence to support the 
view that the e\doplasmic \-iscosity is of a low order. It would be 
interesting to know whether the cytoplasmic viscosity of the meso- 
blast cells described by Wilson and by Conklin is of a distinctly 
higher order of magnitude. 
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The so-called effect of gravity on the direction of cleavage planes 

The directions of the early cleavages during the segmentation of 
an egg are not infrequently defined in terms of inclination to gravity. 
Thus, in frogs’ eggs or in sea urchin eggs the first two cleavages are 
often described as vertical, whereas the third cleavage plane is 
horizontal. This nomenclature is convenient, but misleading, since 
the force of gravity exerts no direct effect on the planes of cleavage 
either during their formation or afterwards. In the frog’s egg the 
accumulation of heavy yolk at one pole, with a consequent accumu- 
lation of cytoplasm at the other, impresses on the undivided egg a 
definite visible polarity, and a definite orientation in respect to 
gravity. The whole egg is only in equilibrium vdtli gra\dty when the 
flat disc of cytoplasm lies vertically over the yolk; two out of the 
three rectangular axes of the C5rtoplasm are equal in length and lie 
horizontally; the third axis is shorter than the others and is vertical. 
By dividing the cytoplasm into equal divisions at right angles to its 
longest axis, the first two cleavage planes are naturally meridional 
and vertical, whereas the third cleavage plane is more or less 
equatorial and horizontal. Both Hertwig (1898) and Pfliiger (1884) 
clearly recognised that gravity exerted no direct action on the 
orientation of the spindle itself, for, as shown by Kathariner (1901), 
the first two cleavages in eggs rotating on a clinostat retain their 
orientation in respect to the organised polarity of the egg and exhibit 
no orientation in respect to the centrifugal force. 

Giglio-Tos (1926) and his associates have recently maintained that 
the first cleavage furrow of echinoderm eggs (species unnamed) is 
always inclined at an angle of 45° to the vertical and that this is due 
to the orientation of the cleavage spindle prior to division. These 
authors maintain that the two asters are free to move on each other 
and wdthin the cell and that, when the asters are fully formed and 
equal in size, their position of mechanical equilibrium is reached 
when the mitotic axis is inclined at an angle of 45° to the vertical. 

The observations of the author (Gray, 1927) do not confirm any 
of the conclusions of Giglio-Tos, but indicate that the effect of 
gra’sdty on the fertilised eggs of Echinus esculentus and E, milians 
is of an entirely different nature. 

A large number of observations wdth both Echinus esculentus 
and E, miliar is leave no doubt that the direction of the first three 
cleavages obeys quite strictly the Hertwig-Pfliiger law and that the 
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axis joining the centres of the two asters (mitotic axis) can lie in any 
plane relative to gravity. The asters having taken up their position 
at the poles of the nucleus maintain the orientation thus acquired 
until the egg begins to show signs of cleavage furrows. Further, an 
e 2 *g can be rotated so as to bring the mitotic axis into any desired 
position, and this position is stable. It is only when cleavage begins 



Fig. lOT, Orientation of a cleaning egg of Echinus in which the 
astral axis was originally vertical. 


that gravity exerts any affect on the orientation of the system. This 
is most readily observed in an egg whose mitotic axis is vertical as 
in fig, 107, As the egg elongates up^vards (fig. 107, 2) it soon becomes 
unstable and falls on to one side (fig. 107, 3). This movement is 
clearly due to gravity, and the egg orientates itself so as to bring its 
centre of grainty to the lowest possible position. In this way the 
mitotic axis becomes more or less horizontal (fig. 107, 3). Having 
reached this position the egg continues to elongate, and its long axis 
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may either continue to remain horizontal or it may tilt upwards as 
in fig- 10'^; Both types of movement are obviouslv induced by 
the accommodation of the egg to the confines of the fertilisation 
membrane; as the egg elongates, the two points of contact (fia. 107, 
X and y) move apart forming a longer and longer arc. 

When the first cleavage is completed, the long axis of the egg may 
therefore lie in any position from the horizontal (fig. 107, 3) up to the 
maximum inclination of about 35° (fig. 107, 6). The first cleavage 
plane is eventually therefore either vertical or deviates from the 
vertical by an angle not exceeding 35°. It is clear that these pheno- 
mena are due to the fact that on the initiation of cleavage the ecro- 
ceases to be spherical and, were it not for the presence of the fer^ 
tilisation membrane, the egg w^ould only be in equilibrium with 
gravity when its long axis was horizontal, and the cleavage furrow 
vertical. As the egg must accommodate itself to the confines of the 
fertilisation membrane, the egg can be in equilibrium as long as the 
inclination of its long axis does not exceed a value which depends on 
the forces exerted at the points of contact with the membrane. 

As far as the eggs of Echinus are concerned, therefore, the effect 
of gravity on the orientation of the early cleavage planes is only of 
an indirect nature, and is based on the fact that in the segnrentincr 
eggs the whole system tends to reach an equilibrium position with 
its centre of gravity in the lowest possible position. 

Internal factors which determine the direction of cleavage planes 

If Hertwig’s law were strictly obeyed by all spherical egg cells 
(with uniformly distributed yolk and equal cleavage), it follows that 
only one pattern of cell cleavage planes would be possible. The 
arrangement is that exemplified by Echinus eggs, and is known as 
the orthoradialtype of cleavage characteristic of Echinus, AmpMoxus, 
Synapta, Antedon, and Sycandra (Conklin, 1897). In all these eases 
the long axis of the third cleavage amphiaster is meridional and at 
right angles to that of the previous cleavage plane, so that the third 
cleavage cuts the egg equatorially leaving the twm daughter cells of 
each cleavage in the same meridian of the egg (see fig. 108 A). As 
pointed out by Conklin, orthoradial cleavage is uncommon and eA'en 
in cases where the early cleavage planes conform in this way to the 
Hertwig-Pfliiger law the later cleavages show a contrary arrange- 
ment. By far the most frequent type of cleavage pattern exhibited 
by spherical eggs during cleavage is the spiral pattern seen in 
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cell division 



ri<y. 108. Orthoradial (^4 and B) and spiral cleavage (C-F). In orthoradial cleavage 
the third mitotic spindle is at right angles to the surface of the paper so that the 
two products of division lie vertically over each other (A). The fourth cleavage is at 
right-angles to the third (B). In spiral cleavage the third mitotic spindle is displaced 
as shown in C, so that each micromere lies between two macromeres. It (as in t 
and E) the displacement of the mitotic axis is to the right, the third displacement 
at the next division is to the left (as in F). (From Korschelt and Heider.) 
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molluscs, platode worms and annelids. In these instances the axes 
of the di^dding cells do not coincide with the plane of the long axis 
of the original undivided cells, but are inclined at an angle to it. The 
final result of this displacement of the cleavage axis leads to the 
arrangement (in a four- celled and eight-celled stage respectively) 
shown in fig. 108 C and E. It can be seen that the two products of 
cleavage (in figs. 108 C-E, 109) do notlieinthesameradiusofthe egg, 
but one of them is displaced so as to lie in the furrow between two ad- 
jacent cells of the other quartet. The term spiral cleavage was applied 
by Wilson to this arrangement to signify the fact that the products of 
(iinsion lie on a curved radius of the egg for if this curv’e were 
produced, it would form a spiral about the egg axis. A typical 
example of spiral cleavage is provided by the eggs of Crepidula 
described by Conklin (1897). The first cleavage divides the egg 





Fig. 109. Typical spiral cleavage of Crepidula. The development of the polar furrow 
ipj,) is seen in 2. Note the displacement of the micromeres in 3. (After Conklin. | 

equally into two blast omeres. These cells are at first nearly spherical 
and touch each other only over a comparatively small area of their 
surface, although later on they become more closely pressed together 
and each cell becomes an almost complete hemisphere (fig. 109, 1 ). 
At the close of the first cleavage the nuclei and their asters lie 
directly opposite each other, but, as soon as the blastomeres begin 
to flatten against each other, the mitotic axes begin to rotate in 
the direction of the hands of a clock and this direction is often 
constant in all the eggs of the species. As the time for the second 
division approaches the two spindles are no longer absolutely parallel 
to each other, for (when the egg is viewed from one side) they are 
inclined at an angle to each other; consequently the second cleavage 
planes do not meet at the centre of the egg but a polar furrow is 
formed (fig. 109, 2 pf-). Polar furrows are essentially t}q>ical of 
spiral cleavage, although they can readily be induced in orthoradial 
cleavage by experimental means (Gray, 1924 and fig. 112). The axes 
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of the amphiasters of the third cleavage of Crepidida are at first 
rather variable in their orientation in respect to the axes of the cells, 
although their inner ends are at a higher level than their outer ends 
and the axes may be radial. As the process of cleavage becomes 
more complete the spindles, whatever be their original orientation, 
rapidly begin to show a rotation towards the right-hand side, and 
after the divisioii wail between the dividing cells has appeared the 
process of rotatioji is continued by the blastomeres themselves. In 
this way each micromere conies to lie in the furrow between two 
macromeres and to alternate with the macromeres in position (fia. 
lOS D-F). It is to be noted that if in one cleavage the resultant 
blastomeres are rotated to the right, then at the next division the 
rotation is to the left; each successive division is, in other words, 
alternately clockwise and anti-clockwise. 

Tile account of spiral cleavage given above closely follows that of 
Conklin for Crepidula. In contrast to orthoradial division, spiral 
cleavage appears to exhibit three main features, (i) The displace- 
ment of the mitotic axes in respect to the radius of the egg and in 
respect to each other, (ii) the formation of polar furrows, (iii) the 
displacement of individual blastomeres in respect to the egg radius. 

It has been known for many years that the final result of spiral 
cleavage leads dhectly to a geometrical arrangement of cells, 
which is mechanically stable in that each cell exhibits a minimum 
surface area to its neighbours and to the environment. Fig. 110 
shows that polar furrows and a radial displacement of indiwdual 
units are as characteristic of soap bubbles as they are of dividino 
eggs.' We ha%'e, therefore, to consider how far the arrangement 
of the cells in Crepidula is due to purely mechanical principles, 
and how far they are the result of biological activity. There can be 
no question that the rotation of blastomeres (from the orthoradial 
to the spiral arrangement) reduces the free surface of the individual 
cells, or that the cells are held together by forces which tend to reduce 
such surfaces to a minimum (see p. 254); at the same time, from a 
mechanical point of ^^e■u' there is no reason why rotation should 
invariably be to the right or to the left, both are equally eftecfcive, 
and one would expect that a given group of egg cells wmuld tend to 
show both types of rotation with equal frequency. In gasteropod 
molluscs this does not appear to be the case for the direction of 
rotation of the cleavage axis appears to be a fixed and hereditary 
characteristic (for any particular cleavage). For this reason both 
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Conklin (1897) and Wilson (1892) concluded that spiral cleavage 
cannot be solely the result of purely mechanical causes which 
operate at the moment of cleavage. Since the final result produces 
a geometrical pattern conforming to the law of minimum surface, 






Fig. 110. Comparison of the form of four contiguous soap bubbles, 1-3 (after Robert) 
Mth tj^ical spiral cleavage of living eggs. 4 and 5, A dexiotropie division followed 
by a leiotropic division. 6 and 7, A leiotropic division followed by a dexiotropie 
division. (After Korschelt and Heider.) 

Conklin (1897) concludes that ‘We must find the ultimate cause of 
this anti-clockwise (or clockwise) rotation, not in such external 
conditions which are, however, incidentally fulfilled but in those 
more complex internal conditions which direct the course of onto- 
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geny and M'hich in our ignorance ^ve call the coordinating force or 

hereditary tendency’ (p. SO). .q u 4.1 

This cmichision is. however, somewhat weakened the recent 
work of Morgan and Tyler (1930). In the mollusc tie 

third ..1-- V- “ is always dexiotropic, so that by the classical rule of 
alternate' displacements the second cleavage should ahva>^ be 
leiotropic. In practice, however, the direction of rotation at the 





ni The position of the cleavage planes of the egg of Cnmxngxa ^ith respect 0 
u rJatn'ire; point of the spermatozoon. In la the first cleavage passes to the nght 
of the PC e i as in.arked bv the polar bodies which are uppermost), and the blasto- 
n em « ies to the risht of the point of entr>- of the sperm In 2 a the situation n 
rever:ed and AB liesho the left of the point of entry. The second cleavages iue 
^lown in 16 and 26 respectively, and are leiotropic and dexiotropic respectively. 
(From Morgan and Tyler.) 


second cleavage can be either clockwise or anti-clockvise according 
to whether the first cleavage furrow passes to the right or to the left 
of the polar axis of the cell. 

Accordhig to Morgan and Tyler the direction of the spindle axes 
during the second dmsion show no sign of spiral orientation; a fact 
which differs from Conklin’s observations on Crepidula. Further in 
Cum ingia either the first or the second cleavage plane may become 
the median plane of the body and this can only be determned after 
the third cleavage has occurred. In Nereis, where the third clea\ ap 
is also dexiotropic, only one configuration of cells is found m the 
four-celled stage, tiz. that illustrated in fig. Ill, 1&. 
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In attempting to analyse the nature of the forces which are 
responsible for the form and position of individual cleavage plaiieSj 
it is useful to distinguish between two different processes. Firstly* 
the mechanical principles which control the form and position of 
the cells after the process of cleavage is complete and secondly, 
those factors which determine the orientation of the ceils during 
cleavage. These two principles may or may not be the same (see 
p. 254). 

There can be no doubt that if a so-called ‘ spiral ’ pattern has not 
been the result of normal cleavage, it can readily be brought about 
by suitably applied external pressure. This is the case, for example, 
ill Echinus when the egg is exposed to superficial pressure after the 
first two cleavages are complete; it also occurs normally in a definite 
percentage of eggs belonging to species whose natural cleavage 
pattern is orthoradial, e.g. in Amphioxus, Spiral patterns of tliis 
type are clearty the result of movements executed by fully formed 
blastomeres and are probably strictly comparable to the move- 
ments of soap bubbles or other mechanical systems. When an 
Echinus egg is subjected to pressure before cleavage has occurred, 
however, it is significant to note that the spiral pattern v'liich 
results is not reached by way of an orthoradial stage, but is 
acquired by a gradual orientation of the dividing cells in a way 
strikingly similar to that observed during segmentation of a nor- 
mally spiral type such as Nereis or Crepidula (see fig. 112). Since 
the spiral pattern can be produced by artificial pressure, and since 
the final result is obviously in conformity wdth the law of minimal 
reaction to external pressure, it seems reasonable to suspect that 
where it occurs normally it does so in response to an externally 
applied pressure which owes its origin to the mechanical environ- 
ment of the blastomeres. At the same time this mechanical environ- 
ment may be the result of definite ontogenic factors, and it is useful 
to bear in mind that mechanical conditions may be the result and 
not the cause of biological activit^n This point of view is very clearly 
expressed by Wilson (1892), Conklin (1897), and by F. R. Lillie 
(1895); two striking quotations from Lillie are perhaps admissible: 
Almost every detail of the cleavage of the ovum of Unio can be 
shewn to possess some differential significance. The first division is 
unequal. Why? Because the anlage of the immense shell-gland is 
found in one of the cells. The apical pole ceUs divide very slowh" 
and irregularly, lagging behind the other cells. Why? Because the 
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formation, of apical organs is delayed to a late stage of development. 
The second generation of ectomeres is composed of very large cells. 
Why? Because thev form early and voluminous organs (larval 
maiit'le). The left member of this generation is larger than the right. 
WhV^ Because it contains the larval mesoblast. ... One can thus go 
over everv detail of the cleavage, and knowing the fate of the cells, 
can explain ail the irregularities and peculiarities exhibited’ (pp. 38, 





cleavage planes seen in 4. 


39). In tlie same paper, Lillie discusses the orientation of the 
mitotic spindle and subsequent cleavage planes; he concludes that 
no mechanical explanation will suffice. ‘ Let us look for a moment at 
the cleavages of X (First somatoblast). The first position of the 
spindle is on its left side; the second position on the right side; the 
third in the middle Ime towards the apical pole; the fourth in the 
middle line towards the vegetative pole. In none of these cases does 
the spindle occupy more than a fraction of the diameter of the 
blastomere in question. The nucleus has been wandering through 
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the cytoplasm from one side to the other, from the front to the back, 
stopping at various stations, and giving off a cell at each one. 
Finally the nucleus stops in the centre of the cell and a perfectly 
bilateral spindle (the fifth) is formed. Why does it stop there? Is 
it because its environment has changed? If so, the change is such 
as to eiude the closest scrutiny. In fact the cell is a builder which 
lays one stone here, another there, each of w’^hich is placed with 
reference to future development’ (p. 46). 

The facts of orthoradial and of spiral cleavage lead to a curious 
situation. In orthoradial cleavage the division planes are in strict 
accordance with Pfliiger’s Law, but result in an arrangement of cells 
which fails to conform to the law^ of minimal surface area. In spiral 
cleavage, on the other hand, there is an apparent deviation from 
Pfliiger’s Law% but the final result gives a geometrically stable 
svstem. Were it not for the fact that the spiral displacements of 
mitotic axes is believed to begin before the cells begin to elongate, 
one would suspect that a mechanical solution to these anomalies 
would not be difficult to locate. 

The phenomena of unequal cleavage require some consideration. 
All observers are agreed that unequal cleavage is associated with an 
asmnietrical arrangement of the mitotic figure. The most striking 
cases of unequal cleavage are provided by the formation of polar 
bodies. Conklin (1924) calculates that the polar bodies of Fulgar 
are less than one-millionth of the volume of the egg. In Crepidiiki 
the maturation spindle can first be observed towards the centre of 
the egg where, according to Conklin, the two asters appear to be of 
the same size. Gradually the whole mitotic system migrates to the 
periphery of the cell and as it does so it shortens in length, and the 
two asters are no longer equal in size. Conklin believes that the 
spindle moves passively under the influence of unknown forces, and 
that the inequality of division is not so much due to an inequality 
in the size of the asters, as to an inequality in the distribution of the 
protoplasm which is controlled by each aster. On the other hand, 
according to Lillie (1901), an inequality of asters can be detected in 
the eggs of Nereis long before the mitotic system migrates to the 
periphery. A further investigation of the intracellular movements 
of maturation spindles might throw considerable light on the forces 
which orientate the asters, but the facts described by Conklin 
suggest that the rate of growth of an aster is determined in part by 
the distribution of cytoplasm, rather than vice vei^sa. 
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CHAPTER TEN 

The Shape of Cells 


The shape and form of cells 

In the majoritv of instances, the form of an isolated cell clearly 
depends upon the particular source from which the cell has been 
derived, and therefore, to some extent, cell form is a predetermined 
character which owes its origin to a highly specific type of cellgro^\1h 
or organisation. An isolated muscle fibre, a nerve cell, a red blood 
corpuscle, and all the Protozoa have their own characteristic foniis, 
which are retained after the death of the cells if suitable killing agents 
are employed. This diversity of form can readily be correlated with 
the existence of a solid membrane at the cell surface : a membrane 
of this type is clearly demonstrable in many cases (see p. 103), and 
we may'safely assume that a given cell maintains its characteristic 
form by virtue of the rigidity of its surface. 

In certain specific cases the form of an isolated cell approximates 
t('j that of a sphere, and most analyses of cell form are based on a 
studv of the shapes which such cells assume when subjected to close 
contact with other similar cells. In anah’ses of this type there are 
two distinct problems. Firstly, why is the isolated cell spherical? 
and secondlv, why does it undergo a definite geometrical change in 
form when in contact with other cells? In just the same way we 
mi^ht consider why an isolated Paramecium maintains its charac- 
teristic form, and why it changes its form when compressed against 
its neighbours. Unfortunately the study of the beha\iour of spherical 
cells has been unduly influenced by the assumption that the form 
of the cells is necessarily due to the operation of forces peculiar to 
the interface betw^een two liquids (Robert, 1902; Thompson, 1917: 
Lewis, 1926-8). It would appear, how^ever, that this assumption is 
contrary to fact. If an isolated living cell is comparable to a homo- 
geneous fluid drop, then when two such cells (immersed in water] 
come into contact with each other, they should unite together 
to form one single spherical cell. This is not the case. In order to 
approximate the ceil to a state comparable to a soap bubble, it is 
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necessary to assume that it is essentially a two-phase system cora- 
’josed of a fluid or elastic core, whose surface is covered by a liquid 
dim which is immiscible both with the core and with the surrounding 
water. When two such drops come into contact, they would auto- 
matically unite by their fluid surfaces to form a stable system. This 
is however not the case with living cells, since two isolated cells 
show no tendency to form a single system. On the other hand, it can 
be clearly demonstrated that, like other cells, isolated spherical 
biastomeres possess solid elastic membranes at their surfaces. It is 
more probable that the form of a spherical egg ow^es its characteristic 
shape to the same forces as are responsible for the form of a typical 
protozoon. If we attribute the form of a Paramecium to differential 
growth along well defined and specific axes, Ave can equally well 
account for the spherical form of an echinoderm egg to grow^th which 
tends to be equal in all directions. 

If growth occurs in a cell along specific and localised axes, the elastic 
cell surface wdll be stretched and will tend to oppose the elongation of 
these axes, so that presumably such directional growth must sooner or 
later be accompanied by intercalated growth of the cell membranes at 
the surface and in this way the elastic tension of the surface will be 
relieved; alternatively it is possible to suppose that localised growth 
begins within the solid surface membrane and the distribution of the 
cytoplasm conforms to the shape of the cell membrane. In either ease 
the final form of the cell depends upon factors which are highly specific, 
and concerning which we are in complete igiiorancca 

The ^vhole study of cell form really involves the analysis of tw'o 
distinct sets of factors — firstly, those intrinsic factors which are 
intimately associated with specific cell organisation, and secondly, 
the effects which are superimposed on the natural form of a ceil by 
the mechanical presence of its immediate neighbours and by the 
external environment. In the followdng discussion ^ve shall regard 
all spherical cells as special cases of cell form ; this does not indicate 
that the isolated cell is in any real way comparable to a homo- 
geneous liquid drop. 

The form of contiguous spherical cells 

For many years it has been known that the shapes of actively 
dividing or of newly formed cells of all tissues tend to conform to 
comparatively simple and generalised types, and it is difficult to 
resist the conclusion that this uniformity of cell form is the direct 
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result of mechanical principles. Since the form of the isolated cell is 
readilv disturbed by the application of mechanical pressure, the 
suggestion arises that the form of certain cells in situ is the result of 
the mechanical restraint to which the cells are normally exposed. If 
a spherical cell, enclosed -vvithin an elastic membrane, be subjected 
to unilateral extraneous pressure, the form adopted by the cell will 
depend on the degree of departure from the spherical state which will 
enable the cel! to generate an elastic force equal to the extraneous 
pressure; the form occupied by the cell will not depend on its 
specific nature except in so far as this expression includes the 
mechanical properties of the cell surface. It is therefore to be 
expected that wherever spherical cells are compressed together, the 
geometrical form of the rvhole system wdll be of the same type and 
independent of the specific origin of the cells. The validity of this 
conclusion is supported by the experiments made by Roux (1897) 
This author showed that the form occupied by each cell of a se®- 
nientiiig frog’s egg is accurately defined by the form occupied bv 
the components of a suitable system of oil drops (in which each droj) 
conformed in size and position to each particular blastomere), the 
whole of which is subjected to centripetal pressure. 

The remarkable accuracy of Roux’s models (fig. 113) adds consider- 
able interest to the process by which they were obtained. The 
procedure involved the preparation of two fluid phases ; one of these 
consisted of olive oil, the other of a mixture of alcohol and water of the 
same specific gravity as the oil. When a drop of the oil was suspended 
in the aqueous phase the oil drop assumed a spherical form ; when two 
such drops came into contact they rapidly fused together to form a 
single spherical drop. In order to obtain a series of spherical drops 
which would remain as separate entities when in contact, Rou.x 
found it necessary to deposit on the surface of each drop a solid 
elastic membrane which was insoluble in oil and in water. This 
arrangement was reached by adding to the oil a little oleic acid and 
to the aqueous phase crystals of calcium acetate. When a drop of 
the oil came in contact with the surrounding solution, a film of 
calcium acetate was deposited on the surface of the drop and pre- 
vented its fusion with contiguous drops as there was no tendency 
for the surface membranes to coalesce. To obtain the models of 
living cells, Roux compressed a series of such oil drops within the 
rim of a conical wine glass, and by varying the size and number of 
the drops, and the relative size of the glass container, he showed that 
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most striking models could be obtained of segmenting eggs of different 
animal types (see fig. 113). If Houx’s oil drops are an^iiliiiig more 
than an analogy to living systems, three facts must be established : 
fi) each living cell must, when isolated from its neighbours, naturally 




Fig. 113. Oil drops mutually compressed against each other. Note the similarity of 
A,B and E to orthoradial cleavages of animal eggs. C, Z), and F are comparable to 
unequal cleavages. (From Roux.) 





Fig. 114. Three stages in the passage of a large drop of oil (a^) into the centre of a 
system of smaller drops. Comparable changes of position can be observ’ed when 
Echinus eggs segment under pressure. (From Roux.) 


assume a spherical state, (ii) there must exist at the surface of the 
cell a mechanism whereby two contiguous cells are prevented from 
complete fusion when subjected to mechanical pressure, (iii) there 
must exist within the living system a centripetal force compressing 
all the blastomeres. For strict accuracy, the whole cell system should 
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be confined %dtMn a rigid spherical shell. So far, no attempt has 
Ijeen made to determine the truth of these assumptions for the- 
particular living material chiefly concerned in Roux’s models, since 
the blastomeres” of the frog are not readily isolated from each other. 
With other material, hovever, the evidence supporting the funda- 
mental parallel lietiveen the inanimate and animate systems is 
perhaps convincing. Herbst (1900) shoived that when a segmenting 
eehinoderm egg is' exposed to artificial sea water which contains 
no calcium, the individual blastomeres readily separate from 
each other. From his figures and from subsequent observation 
(Grav it is clear that when isolated in this vav each cell is 

spherical 'That the surface of the cell is normally covered with a 
stickv or adhesive substance which loses its adhesive character when 
in contact with the normal environment for any length of time has 
Jlreadv been shown (Chapter VI). This surface hyaline layer must 
be present and must enclose the cells in a common investing layer 
if the cells are to maintain their normal form. It is the removal of 
this layer which enables the cells to resume their natural spherical 
fonn. and it is, therefore, more than probable that it is this layer 
which exerts the centripetal pressure exerted bv the rim of Roux s 
wine glass. Anv environment which alters the mechanical properties 
of the hvaline laver of the cell alters the degree of mechanical pressure 
exerted on the individual blastomeres. This can be illustrated vith 
the eggs of Echinus esculentus (Gray, 1924). The hyaline membrane 
of these eggs rapidly loses water and contracts when exposed to acid 
sea water”eoiisequently when two celled stages of these eggs are 
treated with acid the pressure exerted by the hyaline layer is 
increased and the blastomeres are tightly compressed against each 
other (see fig. 84). By partially removing the hyaline layer from 
the egg, it can be shown that the compressing effect observed in 
acid Tea water is confined to the area from -which the hyaline layer 
has not been removed. 

Similarly if the hyaline layer is lifted away from the egg surface 
by treatment ■\\-ith hypertonic sea water (Gray, 1924), the blasto- 
meres become spherical (see fig. 83). 

It is thus reasonably clear that the system of living echinodemi 
cells fulfils the fundamental requirements for Roux’s models. In 
other cases it is more likely that an indi-vidual blastomere when 
isolated would only become spherical if the isolation were effected 
immediately after cell division, and even then only over that region 
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diich is directly in contact with the new cleavage interface. Such 
cases, however, are susceptible to the same type of analysis as applies 
-0 echinoderm blastomeres. 

The adequacy with W’hich Roux’s models reproduce the form of 
living cells can hardly be questioned, but we are still faced with the 
fundamental problem of defining the shape of compressed oil drops 
in such a way as will enable us to feel that the mechanical problem 
of cell form has been completely solved. Since each individual cell 
when isolated from its neighbours is assumed to be spherical, it 
follows that in situ its surface area must be greater than when the 
neighbouring cells are absent. The process of mutual deformation is 
opposed by the elastic force exerted by each deformed cell and will 
cease when tliis force equals that which is pressing the cells together. 




Fig. 115. Two equal compressed oil drops are each dhided by an unequal dhision 
shown by the dotted lines in A or as inB. The stable position reaeheri iv. case^ 
is shown in C. Note the ‘polar furrow’ in C and that the system has t-wo planes of 
symmetry shown by the dotted lines. (From Roux.) 


At the point of equilibrium the surface energy of each cell will be 
the minimum which is possible under the circumstances, any other 
condition will be unstable (see also fig. 115). The law of minimum cell 
surfaces has been known for many years, but it is essential to remember 
that in its strict and accurate form the law does not in any wa}" define 
the nature of the forces operating at the cell surface — it simply depends 
on the existence of free surface energy and this may be of any type. 
As long as we are dealing with a cell which is completely surrounded 
by other similar cells, the theoretical form can be deduced from 
physical data with some degree of certainty, but -when we deal vrith 
cells, part of whose periphery is not in contact with other cells, the 
problem becomes much more difficult and much less suitable to 
geometrical analysis. 
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The laiL- of minimal surfaces 

The newlv-formed interface between contiguous cells has that 
form wherebv its surface area is reduced to a minimum. The truth 
otthk is clearly illustrated iu Thompson's „alysk of the 

segmentation figures of ErythrolrkMa (fig. 116) To this author rve 
a masterlv discussion of the tvhole problem of cell form. 
Startin<^ with a flat unsegmented disc the first two cleavages dmde 
the disc into four quadrants with the interposition of the small polar 
furrow necessitated by the fact that four interfaces meeting in a 
point are physically unstable. The existence of the polar furro-n- 
characteristic of the second cleavage is, as pointed out by Thoinpson 
(p. 309), the direct consequence of the law of minimal area, for it can 



Fiff. 116- Segnientation stages of ErythrotHchia. (From Thompson.) 


be slioTTii tiis-t ill dividing’ n closed space into a given number oi 
chambers by partition walls, the least possible area of these par- 
tition walls,' taken together, can only be attained when they meet 
together in groups of three at equal angles (see also W. Thomson, 

issr). 

For the third cleavage there are two possibilities whereby not 
more than three surfaces shall meet in a point : (i) the third cleavage 
planes may be periclinal as in fig. 1175, or (ii) it may be anticlinal as 
in fig. 117 C. Now in order that a quadrant may be divided by an anti- 
elind partition into two equal parts it is necessary that the circular 
arc cutting the side of the periphery of the quadrant should mclu(ie 
55“= 22' of the quadrantal arc, and the length of the partition wall is 
0-8751 where the radius of the original quadrant is 1-0000. In the 
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case of a periclinal partition the length of the partition wall (for 
equal cleavage) is ITll, so that the anticlinal cleavage is the more 
efficient type. In point of fact, it is this 
mode of cleavage which characterises the 
third division of discoidal systems in 
nature. Subsequent divisions of the two 
cells of each quadrant also conform to 
theory to a marked degree. The four- 
sided cell X (figs. 116 and 117) divides 
periclinally as one might expect. 

If we compare the theoretical arrange- 
ment of successive partitions in a dis- 
coidal cell as defined by Thompson (see 
fltr 118), with the arrangement actually Alternative cleavages of 

found in nature (fig. 116), it is difficult " (F-m Thompson.) 

to avoid the conclusion that the law of minimal surfaces is of pro- 
found importance in the determination of cell form. 




Fig. 118. Theoretical arrangement of partition walls in a discoidal cell. 
(From Thompson.) 


The law of minimum surface as applied to parenchymatous cells 

If it be assumed that a given cell when surrounded by other cells 
(all of the same size and all exerting the same influence on each 
other) occupies that form in which the law of ‘ minimal surfaces vith 
no intercellular spaces ’ is strictly obeyed, then the shape of each ceil 
can be predetermined from geometrical principles. Prior to 1887 it 
was generally believed that a given space could be completely 
dmded into equal subdivisions (the total surface of which covered a 
minimum area), when each subdivision had the form of a regular 
twelve-sided figure or orthic dodecahedron, each facet of which was 
a regular hexagon. In 1887, however, Kelvin demonstrated that 
a more stable and more efficient method of equal subdivision of 
space was presented by a fourteen-sided figure or tetrakaideca- 
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heclron (fig. 119); of the fourteen surfaces, six are quadrilateral and 

eight are hexagonal. 

, . f this «(n!re have been described by Matzke (1927 ) and bv 
T nX S i If each cmadrilateral surface has a side of length a, the!i 

Lems 192b-S ^ also a length a. If a section is cat 

to'anv'^due of the solid tigure. a hexagonal figure results of 
whicir four deles are longer than the remaining two. The two short sides 



p; . i,,. A aroup of fourteen orthlc tetrakaidecahedra : note the hexagonal and 
quadrilateral facets. The space enclosed by this group is itself an orthie tetrakas 

decahedron. (From Matzke.) 


have a leno-th a whUst the four longer ceUs have a length VSa = l-732ffl; 
the perpendicular distance between two short sides is 2- 828a, whilst tk 
nernerrdic’ilar distance between two long sides is 2-449a. The interna. 
\nAe between two long sides is 109° 28' 16", while that between a long 
mid a short side is 125° 15' 52". The total area of the whole hexagon is 

4 '\'" 2 . a. 

If the form of parenchymatous cells conforms to that of a series of 
orthie tetrakaidecahedra so arranged as to leave no interceUular 
spaces, then a section cut at right angles to any one ceU interface 
should jdeld a series of hexagonal figures all of a definite type. That 
living cells do, in fact, conform to such a system has been assumed on 
more than one occasion (see D’Arcy Thompson), but only recentb 
have definite data become available (Table XXX). Wetzel (1926) 
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jias shown that the pigmented cells of the human retina n hen viewed 
as a horizontal section are polygonal in form and possess from four 
to nine interfaces. More than half of the cells ha^-e si.x interfaces 
•.Then seen in section. Lewis (1926) has demonstrated the same fact 
in sections of the pith of Sambucus canadensis. 


Table XXX 


So. of sides 

4 

5 

6 

7 

8 

' 9 

Avera 2 ’e 

Xo. of cells : retinal cells 

2 

106 

242 

98 


1 

5*093 

Xo. of cells : pith cells 

20 

251 

474 

i 

224 

30 

1 

5*096 


The cells of Sambucus have been examined in detail by Lewis, and 
from serial sections the number of facets possessed by each cell has 
been determined. 

Table XXXI 


Xo. of cell surfaces 

6 

7 

8 

9 

10 

11 

12 

13 

14 : 15 16 IT IS 10 20 

Xo. of cells 

1 

1 

2 


2 

8 

i 8 

21 j 

16 10 10 1 2 3 6 1 


For the hundred cells examined (Table XXXI) the average number 
of facets per cell wms 13-96. It would therefore seem probable that 
the cell popidation tends, on the average, to conform to the tetrakai- 
decahedral form. Wax models of forty -two cells failed, however, to 
reveal any individual cells with fourteen surfaces. In view of the 
fact that all the cells are not of exactly the same size, and of the 
distebing effect of cell divdsion, this departure from the theoretical 
result is not altogether surprising. As Lewis points out, the expected 
result of cell division would be a reduction of the mmiber of facets 
from fourteen to eleven. Alternatively, Wetzel attributes the ir- 
regularity in the polygons seen in section to differential growth; 
thus in fig. 120 a series of four hexagonal cells might resolve itself 
into two pentagons and two heptagons if two of the cells increase in 
size more rapidly than the other two, and thereby displace their 
neighbours. It must be admitted, howmver, that there is no general 
agreement concerning the origin of those cells which exhibit more 
or less than six sides when viewed in transverse section. Cell division 
(Lewis, 1926), cell growth (Wetzel, 1926), and cell absorption and 
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fusion (Grafer, 1919) may well cause irregularities but in no case 
has the actual process been seen under the microscope. 

As pointed out b\- Lewis, there is definite evidence against the 
view that the typical form of a parenchymatous cell is that of an 
ortkic tetrakaidecahedron. In a figure of this type any section cut 
transverse to any ceil surface yields an irregular hexagon (seep. 236; 
having four long sides and two short sides. The hexagons seen in 
actual sections of tissues are, however, variations not of thh 
irregular hexagon i>ut of a regular hexagon, all of whose sides are 
equal iii length. If this be the case, the cells cannot be packed 
together to form a system with no intercellular spaces. 



Fill. 120. Diagram to illustrate the transition from hexagonal cross section to pent- 
acronal and lieptagonai cross sections by differential growth. The two cells a and c 
liave displaced the two slower growing cells b and d. (After Wetzel.) 

In any discussion of cell form it is essential to differentiate clearlv 
between the biological facts and the expectations w^hich are based 
on purely geometrical systems. In view of the natural variations in 
the size and properties of individual cells, and of the variations in 
external surroundings to which individual cells may be exposed, it 
is more remarkable to find such a close parallel between fact and 
geometrical theory than to find divergencies of a secondary nature. 

Limitations of the law of yninimal surfaces 

In assessing the value of the above facts, it is desirable to re- 
member that a system of living cells differs in many ways from a 
physical system of soap bubbles, which displays to best advantage 
the operation of the minimal surface law. 

If we are prepared to accept the facts in the form of Errera’s Law 
(as formulated by Thompson), viz. ‘A cellular membrane at the 
moment of its formation tends to assume the form w’-hich would be 
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assumed, under the same conditions, by a liquid film destitute of 
weight ’-we come very near to suggesting that these cellular mem- 
branes actually possess liquid properties. Both Errera and Hof- 
ajeister accepted this view. It is, however, contrary to manv well 
established facts. As already pointed out, the fundamentaflaw of 
minimal sm-faces does not depend upon the liquid nature of the 
interfaces, but on the fact that these are the seat of free ener<.v It 
seems therefore desirable to restate Errera’s Law in a form applicable 
to modern conceptions of the cell surface. ‘A cellular membrane at 
the moment of its formation tends to assume the form which would 
be assumed under the same conditions by an elastic membrane 
destitute of weight.’ 

There is also, however, a grave difficulty which has so far been 
overlooked in most theoretical 
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wav between the two centres, and the length (i.e. the diameter) of 
the partition wall, PO, is 1-732 times the radius 

2 sill 00 “ r === 1 * ' ^2 t , 

or 0-866 times the diameter of each of the cells. This gives us the:, 
the form of an aggregate of two equal cells under uniform conditions. 

pointed out elsewhere (Gray, 1924, see also p. 19o) this analysis 
of cell form can be seen to be inadequate by visual observation of 
anv suitable svstem of living cells. In their natural state the ad- 
iacent cells of a two-celled system are not portions of true spheres 
fia SOI The departure from the ideal form is probably due to the 
fact that the cell surface has a finite thickness.i Consider a group 
of eontivuous soap bubbles in which the films have a considerable 
tliic-knes’s In this case the surface energy of the system mil not be 
at its minimum when the free surface occupies the form of tivo 



Fi.r !■>’ Two water di-ops enclosed \vithin a drop of olive oU. A, is unstable; B, ;s 
stahlervote the as%-nimetrical distribution of the oil phase and the compressed fori:: 
of the water drops in the stable condition. The oil phase is in black. 


partial spheres, for the free surface will be still further reduced by 
a flow of liquid from the poles of the system to the equator, whereby 
the area in contact with the external medium is still further reduced 
in area. The ne-iv equilibrium is shown in fig. 122 P, wherein it car 
be seen that the two resultant drops are not partial spheres but bear 
an unmistakable resemblance to the form of living cells (Gray, 1924). 
It is important to notice that the form of the blastomeres of a sea- 
urchin is precisely' the same as that of a small soap bubble, -where 
the thickness of the films is significantly large in compa.rison 
with the total area of the bubbles. The tendency for fluid to 
accumulate at the junction of two liquid surfaces was clearly re- 
cognised by Willard Gibbs (1906, p. 290), and the area concerned 
is sometimes known as Gibbs’ ring. Unfortunately the exact oral 
1 See footnote, p. 297, Thompson, 1917. 



261 


THE SHAPE OF CELLS 

of this area has not yet been shown to be susceptible to geometrical 
or mechanical definition. The departure from the simple theoretical 
form does not in any way invalidate the law of minimal surfaces, it 
jiiiiply indicates that factors other than those represented in fig, 121 
control the form of the minimal surfaces in the region common to 
two or more surfaces. Thompson’s simplified system, whilst appli- 
cable to oil films which are negligibly thin compared to the volume 
of the space they enclose, becomes insufficient when applied to very 
small drops or to living cells; the ‘surface of continuity ’ becomes in 
such cases of major importance. There is therefore no true aiisfle 
of contact between cell surfaces, for at each angle there exists a 
prismatic accumulation of intercellular 
substance (see fig. 123 ). The net result 
of this disturbing factor was clearly 
recognised by Thompson in the following 
paragraph (p. 297 ) : ‘ We have seen that, 
at and near the point of contact between 
our several surfaces, there is a continued 
balance of forces, carried, so to speak, 
across the interval ; in other words there 
is a physical continuity between one sur- 
face and another. It follows necessarily 
from this that the surfaces merge one 
into another by a continuous curve. 

Whatever be the form of our surfaces ^ 

Fig. 123. Section of the pareii- 

and whatever the angle between them, chymaofmaize; note the prismatic 

this small intervening surface. . .is large interstitial spaces and absence of 
, T T . true angles of intersection. (From 

enough to be a common and conspicu- Thompson.) 

ous feature of the microscopy of tissues 

One is inclined to go further than this and admit that in many cases 
the simpler laws of minimal surfaces are masked with, sufficient effect 
as to render it difficult to define the geometry of cell form with any 
real accuracy. It will be realised without further comment that the 
existence of a series of interfaces meeting at a definite angle of 120" 
is only a theoretical conception. 

As far as the evidence goes, it seems fairly clear, however, that 
the average form of some parenchymatous or epithelial cells approxi- 
mates with surprising accuracy to the theoretical form of closely 
packed units which enclose a maximum volume by a minimum of 
surface. In other cases, however, this is far from being true. The 
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branchial epithelium which covers the gills of Mytilus is composed 
of cells whose outline is greatly wrinkled (fig. 124), and the neigh- 
bouring ciliated cells are often rectangular in 
section. The underlying causes of these ano- 
malies are unknown, but they indicate the 
danger of applying the principle of minimum 
cell surfaces over too wide a field. 

Finally, it is perhaps permissible to doubt 
\l0^x far future observations of the precise form 
of prismatic epithelial cells wall conform to 
theoretical expectation, and how” far the living 
cells will be found to vary in form to such Fig. 124 . Outline of cells 

a deoTce as to restrict geometrical analysis to branchial epitheliur;) 

. ^ *' Mijiilus. (Diairram. 

a I’cw selected tissues. matic.) 

Biological conception of cell form 

If the form of a cell is strictly controlled by extraneous mechanical 
f( ^rees, it follow's that the specific differences seen in the segmentation 
of different types of spherical eggs must be due to differences in the 
iiieehanical surroundings of each cell, rather than to more funda- 
mental differences in the nature of the cells themselves. From this 
point of view”, the segmentation process, as seen in an Echinus egg, 
conforms closely to that of Arbacia, not because the tw^o species 
belong to the same group of animals, but because the mechanical 
surroundings of each blastomere are closely similar in each case. 
The segmentation of an Echinus egg, from the same point of wev, 
differs from that of Nereis because the mechanical surroundings of 

O 

the blastomeres are different. Similarly, the marked similarity of 
cleavage pattern seen in Polychaet annelids, gastropod molluscs, 
and polyelad turbellarias is not so much due to any phylogenetic 
affinity as to a similarity in the mechanical surroundings of each 
comparable blastomere. Such an ultra-mechanical conception of 
segmentation w”ouId ascribe the differences in form of all animals 
to the fact that there comes a time in the segmentation of the egg 
when a given blastomere divides at a different time or at a different 
rate in any two given cases. If the mechanical conception of 
cleavage be extended to include the thesis that the direction of 
cleavage is itself determined by the mechanical environment of the 
cell, then the only basis left for differential development lies in 
inequalities of size of comparable blastomeres or in inequalities of 
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rates of division. In other words, we would be forced to conclude 
tiiat if the cleavage of a sea urchin’s egg could be controlled, so that 
tiie size and position of each early blastoniere were made to conform 
to that of a mollusc, the resultant organism would belong to a dif- 
ferent phylum to that of the original egg ! Putting the mechanistic 
conception of cell form on one side, it must be admitted that a more 
comprehensive conception of the development of a living egg is that 
put forward by F. R. Lillie (1895). ‘. . .Each component cell of the 
organism appears to take up a position and behave in such a manner 
as clearly foreshadows the final r61e which it will be required to 
play.’ In so doing it must conform to mechanical principles — and 
if it disobeys Errera’s Law, it must do so by definite mechanical 
means: the cell wall may cease to be the seat of tension energy at 
the moment of formation, or the cell must prevent this tension from 
operating in the normal way by an appropriate expenditme of 
energy. 

Grave errors may readily be the result of driving limited data to 
their logical conclusions. The fact that two equal and contiguous 
ioap bubbles conform to a simple geometrical pattern and that a 
series of small contiguous soap bubbles tend to approximate to 
orthic tetrakaidecahedra, does not enable us to define the form of 
the foam which collects at the surface of a Avashtub. So with liAuiiff 
cells, we can detect unmistakable signs of mechanical forces, but 
the more delicate forces which are fundamental for the determina- 
tion of the form of tissues or of whole animals are the result of 
deep-seated and predetermined characters inherent in the cells, and 
are not the result solely of those simpler forces to which the cells, 
once they are formed, are undoubtedly subjected. 

The shape of the mammalian red blood corpuscle 

In 1919 Hartridge suggested that the characteristic discoidai 
form of mammalian erythroc 3 d:es is an adaptation to the physio- 
logical functions of the cell. In order that oxygen should reach the 
centre simultaneously from all points of the surface, the cell must 
be either a sphere or an infinitely thin disc. If the red blood cell 
were spherical, however, it would present a minimum surface per 
unit volume, and consequently the rate at which oxygen would enter 
would be reduced to a minimum. In a flat disc, however, oxygen 
would reach the centre more readily at the periphery than elsewhere. 
The peculiar form of the mammalian erythrocyte compensates for 
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this by its greater thickness at the periphery — so that oxygen ’nir 
reach the centre of the cell simultaneously from all parts of it 
surface. An interesting extension of this conception has been mad” 
by Ponder (1923-6), who points out that if a gas starts from a lipf- 
of equal velocity potential and passes along a line of flow toward^ 
one of two adjacent sinks, in doing so it will pass at right angles to 
all the lines of equal velocity potential which it traverses. If th 
strength of the two sinks be and and if the sinks are separated 
by a distance a, then the lines of equal A-elocity potential can be 
defined by the equation applicable to the equipotential curves 
Cayley (1857): 

, OT, _ k 

>2 ~ a ’ 

where i 1 = C. 

?-2 

Ponder has shown that if suitable values for the velocity potential 
(d) are selected, the lines of equipotential round the two' sinks bear 
a marked resemblance to the form of an erythrocyte. Such a ficure* 
when rotated about its minor axis, yields a solid appro.ximating to 
the form of a red blood cell and the equipotential line forming'the 
curve becomes the equivelocity potential surface of the solid of 
revolution. Gas starting from any point on this surface and moving 
inwards (from any point on the surface) along lines of flow will reach 
the circular sink in the same time. Further, any line of equal velocity 
potential must also be a line of equal gas concentration. If a red 
blood cell containing no oxygen is exposed to a fluid containing the 
gas, the surface of the cell will be one of equal gas concentration, and 
therefore gas will pass across the surface towards the inner parts of 
the cell to form a series of surfaces of equal gas concentration and 
of equal velocity potential, and Avill converge on the circular sink 
simultaneously from all parts of the cell’s surface. Ponder points 
out that the red blood cell is not quite so rounded at its ends as is 
the solid of revolution of the curve ^ = 7-5, and that its concavity is 
not quite so deep ; further, the volume of a blood cell is about 110^®. 
whereas that of the theoretical solid of revolution is 196 p.®. Ponder 
concludes that, although the form of the cell cannot be rigidly 
defined by one of the equipotential curves of Cayley, yet the general 
resemblance between the two systems supports Hartridge’s original 
suggestion. The appro.ximation to the theoretical form indicates that 
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ijjg efficiency of the cell to absorb oxygen is very great compared to 
other systems of the same volume and very much more efficient than 
if the cell were spherical. 

As long as a mammalian red blood corpuscle is suspended in 
oiasma, it retains its biconcave form more or less indefinitely; if, 
however, the cells are suspended in isotonic saline (0-85 per cent. 
XaCl) the form is altered in a curious way as soon as the cells lie 
rdthin a critical distance of two flat surfaces. If a suspension of 
corpuscles is enclosed in a thin film between a coverslip and a glass 
ilide, the cells very rapidly lose their typically biconcave shape and 
become perfect spheres (Ponder, 1929). The reason for tliis change 
is obscure, but the rate at which it occurs clearly depends on the 
distance between the two opposing glass surfaces ; if these are very 
close together the change may be complete within a fraction of a 
second. Neither the pressure of the coverslip or the use of quartz 
slides alters the phenomenon. The only factor — apart from the 
absence of plasma — which is necessary for the cells to acquire the 
spherical form, is that the surfaces should be such as will be wetted 
by the saline; if glass is covered with paraffin Avax, the normal 
biconcaA’e form is retained in saline. The AA'hole phenomenon is A'ery 
obscure, but Poirder is inclined to the belief that it is due to the 
molecular attraction fields which are knowm to exist A\ithin lOp of 
tAvo closely applied surfaces (Hardy and Nottage, 1926). 
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CHAPTER ELEVEN 

The Growth of Cells 

It is by no means easy to define the process of gro’srth. When we 
speak of the growth of cartilage wthin the bodv of an embrvo at 
least three concepts are involved. Firstly, there is an increase in 
the bulk of the whole tissue, which is largely due to the deposition 
of an intercellular secretion having no ob^-ious vital properties. 
Secondly, there is a marked increase in the number of cells present! 
Thirdly, each individual cell undergoes, during each intercleavage 
period, an increase in size. In order to avoid confusion, it is con- 
renient to restrict the term ‘cell growth’ to the last of these three 
phenomena, which is essentially concerned with the formation of 
new living material. 

The growth of a cell must be clearly distinguished from cell division, 
and for this reason it is convenient to consider at the outset the 
growth of cells w^hich are not undergoing periodic cleavao-e. Cells 
this type are found in at least twm highly differentiated forms— viz. 
muscle fibres and nerve cells. In the newly-hatched eggs of nema- 
todes the full number of nerve cells and muscle cells of tL adult are 
already present, and as the animal increases in size these cells grow 
sufficiently rapidly to keep pace wdth other tissues; no new myo- 
blasts or neuroblasts are formed. It foUow^s that the size of indi- 
ddual cells of this type must be determined by the size of the whole 
animal or vic6 vcTSCi, Analogous facts apply to vertebrate animals. 
If the myotomes of a young fish embryo are examined, the muscle 
fibres are seen to originate as small myoblasts which fail to show 
any trace of striation until the two ends are fixed to the anterior and 
posterior walls of the myotome. At this stage striations appear and 
the ceU begins to grow. It continues to grow throughout the whole 
growdh cycle of the animal so that it often increases its bulk many 
thousands of times without undergoing any process of cell dhision. 
Unlike the myoblast of the nematodes, however, the growth of the 
fish’s muscle fibre does not keep pace with the growth in girth of the 
fish, for new fibres are continually being added to the myotomes from 
fresh undifferentiated myoblasts (see fig. 126 and Table' XXXII). 




Pi., T>', CaPiera iucida drawings of transverse sections of somatic muscle fibres of 
fhf tr;ut 1 FUh W3cm. long, cross-sectional body area 1-0 sq mm. Eelative 
area of fibre 1-0. 2, Fish 1-63 cm. long, cross-sectional body area 1-90 sq, 
m4 Re ative average area of fibre 2-18. Ratio of cross-sectional body area to 
cross-section' of muscle fibre is 1-0 and 0-9 respectively. (From data 
collected by D. Bhatia.) 



Transverse-linear Dimension of Fish 


Flo- 126. The graph illustrates that the rapid growth of the somatic muscle fibres 

during the period of larval life is not maintained at a later stage. Dunng 

life the relative rate of growth of the muscle fibre is less than that of the whole body 
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Similarly, most if not all the nerve cells of an adult animal are 
Diesent at an early stage in development. In both muscle and nerve 
hie differentiated cell appears to have lost all faculty for cleavage, 
i^tliough it retains its capacity to grow, and the cessation of cleavage 
precedes the process whereby these cells begin to exhibit their 
characteristic and differentiated form. Prior to differentiation, cell 
division is active. 

Table XXXII. Relative area of cross-section of complete fish 
{Salmo fario) and of muscle fibre 


Fish 

Average muscle fibre 

1-0 

1-0 

2‘0 

2*1 ; 

5-0 

4*1 1 

16*8 

5*3 

69*0 

6*5 i 

200*0 

S*1 1 

592*0 

11*3 * 


In marked contrast to muscle fibres and nerve cells are epithelial 
cells. The average size of the epithelial cells in the liver, kidney, gut 
or skin of an adult vertebrate is not markedly larger than that at a 
much earlier stage in the life history (Illing, 1905). It is not easy to 
estimate the volume of a tissue cell, but Berezowski’s (1910) 
measurements of cross-sectional area shows clearly that the gut cells 
of the white mouse rapidly reach their maximum size at an early 
stage in the growth cycle of the body (see Table XXXIII). 


Table XXXIII 


; Age of mouse 

10 

days 

1 

month 

2 

months 

3 

months 

4 

months 

5 

months ; 

Body volume 

4 

7 

14 

20 

21 

25 

Average length of 
gut cells (jLi) 

14*3 

18*9 

20*2 

22 

21*7 23-2 

Average width of 
gut cells (/Li) 

4*9 

4*9 

5*1 

4*8 

5*1 

4*7 

i Relative cross- 
sectional area (10 
i days taken as 
: unity) 

1*00 

1*32 

1*47 

1-51 

1*58 

; 1-55 
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RrobEbly no bard and fast distinction sKould be dxawn.betwccr: 
epithelial cells on the one hand and muscle fibres and nerves on the 
other, for Plenk (1911 ) found quite a definite increase in the size ofthe 
epithelial cells of amphibians with increasing size of the whole animal.. 

Table XXXIY 


Volume of cells (fx^) 


Aire of salamander 

Oesophageal 

epithelium 

Stomach 

epithelium 

Birth ; 

1458 


1242 

2 months 

3796 


2788 

12 months 

6328 


8268 


As far as the efficiency of an organ is concerned, there is no very 
obvious reason why a muscle should increase in size by increasing 
the size of the existing fibres, whereas the liver should increase in 
size by increasing the number of its constituent cells. 



(From Plenk.) 

The factors which control the growth of cells are very imperfectly 
understood. In the case of muscle cells there can be little doubt that 
mechanical forces play an important part. The size of a fibre varies 
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with its position in the body: it will grow in length wherever it is 
stretched between two relatively fixed points— a fact well exeni- 
olified by the hypertrophic growth of the pregnant mammalian 
uterus. 

The nucleo-cytoplasmic ratio during gro-^th 

For many years it has been known that for any given type of 
epithelial cell, the volume of the cytoplasm tends to bear a fixed 
ratio to the volume of the nucleus. When, however, a cell is under- 
going a series of successive divisions, this nucleo-cytoplasmic ratio 
[s not constant, but varies at different phases of the divisional cycles. 
For example, Koehler (1912), working with the eggs of Strongylo- 
centTOtus lividus, found little or no e\ddence of increase in the total 
endoplasmic volume of the whole eggs between the moment of 
fertilisation and the formation of the gastrula, but the total volume 
of the nuclei increased about ten times during the same period. If 
we judge grovdh by increase in bulk, obviously the growth of the 
nucleus is of a different order of magnitude to the growth of the 
endoplasm. 


Table XXXV. Cytoplasmic and nuclear growth in Strongy- 
locenirotus eggs (16° C.). (After Koehler.) 


No. of 
cells 
present 

Volume of 
single 
nucleus 

Volume of 
cytoplasm 
in a single 
cell 

Total 
volume of 
nuclei 

Total 
volume of 
c>i:oplasm 

Ratio 

-VC 

2 

1395 

142625 

2790 

285250 

0-0097S 

4 

742 

75078 

2968 

300312 

0-0098S 

8 

607 

30324 

4856 

242592 

0*02009 

16 

547 

16659 

8754 

! 266544 i 

1 0*03284 

1 32 

366 

8230 

11722 

1 263370 1 

0 04451 

i 64 

332 

4197 

21235 

268576 

0*07907 

1 501 

63 

510 

31563 

255510 

0*12255 

607 

46 

386 

27665 

234644 

011917 

1 820 

32 

263 

26294 

215396 

. 012168 ^ 

i 1163 

19 

242 

22121 

281790 

007851 

i 


Up to about the ninth cleavage there is a very marked increase in 
the total volume of the nuclei, whereas the volume of the c\doplasm 
remains unchanged, and during this period the nucleo-cjdoplasmic 
ratio increases to about ten times its original value. Except for 
those obtained at low temperatures, Koehler’s results suggest that 
this period of rapidly increasing NjC ratios is followed by a period 
in which the ratio is fairly steady. 
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Koehler's results are also of interest when applied to the earli?- 
observations of Popoff (1908) (see also p. 132). Popoff determined tf " 
relative volume of the cytoplasm to the nucleus at different stages i-- 
the divisional cycles of Fronionia and other protozoa. Ten minute- 
after a vegetative division the volume of the macro-nucleus was foun ; 
to be approximately 1-3 per cent, of the volume of the cytoplasrr" 
from this period onwards the volume of the cytoplasm was found 
to increase more rapidly than that of the nucleus, so that after some 
hours the -V C ratio had fallen to 1-0. Hertwig (1908) pointed out 
that this process could not go on indefinitely and suggested that i^ 
would lead to a state of ‘ nucleoplasmic strain which in turn miofit 
induce the nucleus to undergo a process of division during which it 
would increase in volume and thereby re-establish the norma! 
nucleo-ej-toplasmic ratio, -iceording to Popoff, the onset of c\i:o- 
plasmic cleavage is preceded by a phase of very rapid increase in the 
volume of the nucleus so that, when cleavage occurs, the nueleo- 
c}i:op!asniic ratio has regained its normal value. It will be noted 
that the kinetic cycle of cleavage resembles that in sea urchin 
eggs in that it is associated with an increase in the volume of the 
nucleus, whereas the interkinetic cycle is characterised bv cvto- 
plasmic growth, a process which is absent in sea urchin eggs, since 
there is no clearly defined interkinetic period during the'earlv 
cleavages of the egg cell (Gray, 1927). 

Quite how much significance should be attached to observations 
of nuclear volume is uncertain. If nuclear volume were clearlv an 
index of the amount of an essential nuclear compound the situation 
would be less indefinite : unfortunately this is not demonstrably true 
Masing (1910) and Schackell (1911) failed to obtain any evidence of 
nuclein synthesis during the period in which the total volume of the 
nuclei of sea urchin eggs is known to increase by at least ten times. 
These results have recently been confirmed by Needham and 
Needham (1930), who concluded that all eggs, except those of terres- 
trial animals, contain, before fertilisation, all the nuclein constituents 
requisite for early development. We are forced to assume either that 
nuclear volume is not an adequate index of nuclear material, or that 
during development this material gradually passes from the cjiio- 
plasm into the nuclei. In both cases it must be admitted that nucleo- 
cytoplasmic ratios have, at present, no definite chemical significance. 
For further discussion, reference may be made to Robertson (1923) 
and Faure-Fremiet (1925). 
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Metabolis^n of groxi:ing cells 

The physiological state of a groAving cell is clearly different from 
that of a cell whicli is in equilibrium vdth its enA-ironment — at the 
;ame time little or no precise information is aA-ailable concerning 
4e metabolic actiA-’ities specific to groAA'ing cells. As groAA-th proceeds, 
two distinct phenomena can be recognised: (a) the synthesis of neAv 
ihing material, (h) a rise in the total metabolism inA-olA*ed by the 
nresenee of this neAv material. As far as can be judged, the SAntheses 
"of aroAA-th are peculiarly efficient in the sense that little or no dissipa- 
tion of free energy is involved in the process, so that vhether a cell 
is groAAing or not the amount of energy set free per unit time per 
unit of liA-ing matter is the same. This conclusion AA'ill be considered 
in detail elseAvhere ; at the moment it is sufficient to stress the fact 
that it is by no means easy to define any one chemical or physical 
property Avhich is peculiar to groAA’ing cells — in spite of the fact that 
the outAA-ard and -visible signs of groAAdh are themselves obA'ious. 
A possible exception is provided by the AA'ork of Warburg (1927 i, 
Avho found that young embryonic cells or cancer cells are able to 
effect anaerobic glycolysis to a much greater extent than the ceils 
of older tissues Avhieh are either groAving more sloAvly or not at all. 
Warburg found that malignant tumour cells produce three to four 
times more lactic acid per unit of oxygen consumed than do benign 
tumours, AAdiile three to fiA'e day old chick embryo tissue in the ab- 
sence of oxygen produces lactic acid at almost the same rate as 
malignant tissue, but in the presence of oxygen normal respiration 
takes place Avith the formation of very minute amounts of lactic 
acid. According to Warburg, both groAA-ing and non-groAsing tissues 
can be classified into four groups according to the nature of their 
metabolism, (i) Normal resting tissue, characterised by a high rate 
of respiration and by slight poAvers of anaerobic glycolysis, (n ) Em- 
bryonic tissue Avith a high rate of respiration and high anaerobic 
glycoh^sis, but Avith Ioav poAvers of aerobic glycolysis, (iii) Malignant 
tumour cells Avith Ioav respiration and high aerobic and anaerobm 
glycolysis, (iv) Benign tumour cells Avith less actWe glycolytic 
powers than those possessed by malignant tissues. Many of W ar- 
burg’s conclusions have been confirmed by Murphy and HaAAkins 
(1925), but these authors failed to find any sharp segregation of 

other tissues into the four categories. 

Quite clearly a cell -will not gro-w unless pro-vided -with the raAV 
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materials with which to build up its essential parts. Each type ef 
cell is to some extent dependent on the presence of specific materia^ 
and these are doubtless of two types. Firstly, raw material for tii*- 
provision of the free energy required for maintenance ; secondly, the 
raw materials (nitrogenous and otherwise) for ceil S3mtliesis. The 
iieki of enquiry opened these conceptions is almost unlimited 
and only one or two salient features will here be considered. 

Ill the first place tlie requisites for growth are at times of a verv 
simple character. Koser and Rettger (1919) have shown that maiiv 
bacteria are capable of active growth when the only available source 
of nitrogen is a single amino-acid or even ammonium phosphate: 
it more than probable that some types rely soleR on free 
aninioiiia. Similarly a number of ' tj^phoid ’ bacteria can reh' on such 
simple compounds as acetic acid, oxalic acid or glycerol as their 
source of carbon. The work of Peters (1921) suggests that not oiilv 
bacteria but also some protozoa are peculiarly modest in the 
niaterials required for growth. Between such types on the one hand 
and the iiiucli more specific requirements of mammalian cells on the 
other, there are doubtless intermediate types of great varietv. 

In the econoni}’ of most animal cells which are undergoing growth, 
sugars often pla}" an essential rdle. Krontowski and Bronstein 
(1926) have shown that actively growing cultures of cells in litro 
absorb sugar from their emdronment, and Watchorn and Holmes' 
(1927) work indicates that the sugar is used for maintenance, and is 
responsible for the production of free energy ; in the absence of sugar, 
the cells fall back on proteins for these purposes with consequent 
elimination of ammonia and urea. 

In addition to the t\'pe of material already mentioned, it is 
necessary to consider two others of a more intricate nature. Some 
bacteria fail to grow, or onh" grow" to a limited extent, in an other- 
wise adequate medium if vitamin B is absent (Hosoya and Kurova. 
1923). Similarly, Allen (1914) found that the diatom Thalassiosim 
failed to grow in s}mthetic media unless a small trace of natural sea 
water was added; on the other hand, Jameson, Drummond and 
Coward (1922) obtained a good gro^vth of another genus, Atoc/u'c, 
in purely s\mthetic media. Determinations of the vitamin require- 
ments of isolated cells are peculiarly difficult, since it is essential to 
eliminate the technical errors which can readily creep into the ex- 
periments. For example, it does not seem clear whether the “bios' 
postulated by Wildiers for the growth of yeast is to be regarded as 
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vitamin B, inositol (Eastcott, 1928), or the hydrogen ion (Darby, 
1930 ). In addition to substances of the vitamin type, cell growth is 
often dependent on substances peculiar to young or rapidlv growing 
animals— the obvious example of this type being the embryo extract 
essential for the growth of vertebrate tissues grown in vitro and the 
more problematicar trephones ’ described elsewhere (see p. 294). 

The efficiency of growth 

The efficiency of growth can be expressed in terms of material or 
in terms of energy. On the former basis it is customary to express 
the dry weight of new tissue formed as a percentage of the dry weight 
of the material utilised in its formation. The value so obtained by 
various authors is found, for ordinary conditions of experiment, to 
be of the order of 60 per cent. From a practical point of view this 
figure is of some interest, but theoretically it is not of great signifi- 
cance. The true efficiency of growth is independent of the processes 
of maintenance peculiar to the tissue, for this only occurs when the 
new tissue has actually been formed. Over a short period of time 
the material efficiency is expressed as a ratio 

Weight of new tissue formed 

Weight of raw material used — Weight of raw material used for maintenance ’ 

In practice, the weight of raw material used for maintenance ha^ tu 
be calculated from the rate of respiration of the tissue, converting 
the Og consumed, or the COg eliminated, into terms of raw material. 
Data of this type have been collected from a number of sources and 
may be illustrated by Table XXXVI, which applies to the developing 
trout (Gray, 1926). It is clear that after allovdng for the 'wastage' 
of material involved by the maintenance of the living tissue after it 
is formed, there is no evidence which suggests that the conversion 
of raw material into new tissue is anything than a highly efficient 
process. 

Returning to the figure of 60 per cent, as an estimate of the gross 
efficiency of growth, it will be noted that this figure must vary to 
some extent as time proceeds for an increasingly large percentage of 
available raw materials will be used up for maintenance leaffing, 
under most experimental conditions, a smaller amount available for 
grovdh. Further, the actual value of the efficiency coefficient will 
vary with any factor which affects differentially the processes of 
growth and of maintenance. 
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Table XXXVI 


Day of 
development 
(after 

fertilisation) ' 

Dry weight 
of embryo 

: Dry weight 
of yolk 
equivalent to 
Oo consumed 

Dry weight 
of remaining 
yolk 

Total yolk : 


(mg.) 

(mg.) 

(mg.) 

(mg.) ; 

40 

a-04 

1-3S 

33-21 

37-63 

50 

3*78 

1-SS 

31-57 

37-23 1 

50 

4*00 

i 2-34 

30-75 i 

37-62 : 

57 

O'SS 

3-11 

i 27-68 

37-67 1 

00 

8*48 

j 3-S4 1 

1 25-01 1 

37-33 


1.3-00 

6-45 

18-53 1 

37-98 

71 

15*50 

I T'77 

17-63 

40-90 

7 5 

is-os 

i 9-56 ' 

14-76 

42-40 

: 7S 

20-10 

; 10-83 : 

7-79 

38-78 1 

80 

23-04 

1 11-40 

7-38 

41-82 


Observed average amount of yolk in an unfertilised egg 37-72 mg. 


It is, perhaps, more satisfactory to assess the efficiency of cell 
growth from the point of view of a redistribution of energy rather 
than of materials, since in some cases a gram of organised tissue may 
contain a higher energy content than a gram of raw materials. 
A fairly extensive series of observations are available for the growth 
of Aspergillus from the work of Terroine and Wtirmser (1922). The 
mould was grown in a suitable synthetic medium containing glucose, 
riie energy content of the initial and final media, together with that 
of the mould formed, wms determined calorimetrically and expressed 
in calories. Thus the gross efficiency^ is 

Energy of organised tissue {T) 

Energy of initial medium (dii) — Energy of final medium {M^} * 

In one experiment the medium originally contained 6*0 calories; it 
yielded a mycelium containing 3-48 calories, wdth a final medium 
containing 0T25 calories; thus the gross efficiency is approximately 
60 per cent. Were these figures expressed as grams dry weight of 
substance the result would be slightly different, since 1 gr. of 
my'eelium is equivalent to 4-8 calories, wffiereas a gram of glucose 
contains only 3*76 calories. To reach the true estimate of efficiency 
it is necessary to allow for the energy dissipated by respiration; 
knowing the heat produced by the formation of the observed amount 
of CO 2 from sugar, it was found that 1*97 calories were expended in 
this w^ay. 



THE GROWTH OF CELLS 


277 


Table XXXYII 


EfiprffV in original 6-00 cal. 

Energy in final mycelium 

3-4S eal. 

niediuiii 

Energy in final medium 

0*12 

6-00 cal. 

Energy equivalent to CO. evolved 
Unaccounted balance 

1-fiS 

0-42 .. 

0-00 ea!. 


The figures show that only 7 per cent, of the total energy of the 
original medium is unaccounted for and this (0*42 calories) is 
probably within the region of experimental error. It now remains 
to consider how far the energy accounted for by respiration can 
uroperly be regarded as normal maintenance. From a purely material 
basis it would seem as though the whole of the heat of respiration 
can be attributed to this source (see Gray, 1926), but using an in- 
direct method and basing their conclusions on observations of 
energy, Terroine and Wurmser concluded that this is not the case, 
and that only about one-half of the dissipated energy can be attri- 
buted to normal upkeep — and that the true efficiency of gro^^tli is 
thereby reduced to about 72 per cent, when estimated in terms of 
energy. It is possible that this dissipated energy is stored in the 
organism as free energy, although the figure (28 per cent.) seems 
somewhat high. It is worth noting that Terroine and Wiirmser’s 
analysis only applies to the rather unusual conditions of grovlli, 
where the rate of formation of new tissue is constant and independent 
of the amount of tissue present. 

The kinetics of cell growth 

When a cell divides into two and each daughter cell acquires the 
size of the parent cell, we are usually prepared to admit that growth 
lias occurred. Similarly, when a cell increases in size, without any 
apparent accumulation of secretory products or of excess w^ater, 
the cell is again exhibiting a process of gro^vth. In actual practice, 
however, it is exceedingly difficult to put forward a definition of ceil 
growth which will enable us to express the process in a quantitative 
manner. The final unit of growth must ultimately be expressed in 
terms of ‘growing’ material just as the rate of a chemical reaction 
is expressed in terms of the molecules or ions of each substance 
involved. For the moment we shall assume that the cell is a natural 
unit of living matter, and consider how^ far this conception enables 
us to express the facts of growth in a reasonable and orderly manner. 
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Given an acti^-ely dividing bacterium, or tissue cell in vitro, it 
seems certain that the cell will grow and reproduce itself at a con- 
stant speed as long as the conditions in which it lives are maintained 
at a satisfactory and constant level. Observations of this type were 
made by Barber (1908), who isolated single individuals of Bacillm 
coli from a rapidly growing culture, and observed their rate of 
reproduction at a constant temperature. Table XXXVIII shows that 
the time which elapsed between one generation and another was 
approximately constant at 20-0 minutes. Darby’s (1930) figures 
sliow that tlie same fact is probably true for protozoa such as Para- 
mecium, although in this case the facts are less complete and the 
degree of variation between individual growth cycles is not yet 
definable. Using cells grown in vitro, Carrel and Ebeling (1921 fc) 
found that fibroblasts in a given culture reproduced themselves once 
in every forty-eight hours. In this ease also, the data are as yet 

Table XXXVIII 


Generation time in minutes 


lS -7 

20-2 

21-2 

19 v 5 

21-2 

19*4 

20-2 

200 

19-8 


incomplete, for it is by no means easy to subject growth in vitro 
to quantitative measurement. Ebeling (1921) has given evidence, 
however, which indicates that the rate of increase of the surface area 
of an active culture can be accepted as an index of growth which is 
accurate to within 6 per cent., and using this method it seems clear 
that, given a suitable medium, the rate of grow^th of fibroblasts in vitro 
can be maintained at a high and constant level for very prolonged 
periods. As long as the conditions of the environment are satis- 
factory, therefore, there is no inherent tendency for an isolated cel! 
to show a decreasing ability to grow^ and divide (see, however, Calkins 
(1926)). Under such circumstances the total number of cells present 
at any particular multiple of the generation time can theoretically 
be calculated by^ a process of compound interest as long as no cel! 
dies or as long as a fixed percentage of the population dies per unit 
time. If the rate of gro'svth and the frequency of division of eacli 
individual derived from the single parent cell were identically the 
same, it follow’s that the growi:h of the culture — as measured in 
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terms of individual cells— would fluctuate between two extremes. 
At the moment at which all the cells di^^de the rate of repro- 
duction will be determined by the number of cells (r) present: 
immediately after division 2x cells are present, and there will be 
no further increase until the next di\usion period is reached. It 
is a simple matter to calculate the number of cells (r) present at 
any given time, since x = where k is a constant equal to 

M^^time’ ^ calculated to the preceding 

period of cleavage. In practice, this state of affairs is never com- 
pletely realised, although it is comparable to the cleavage cvcles of 
the early divisions of a sea urchin’s egg (Gray, 1927). Systems of this 
type do not reveal the rate at which changes are going on within the 
cell itself, they simply define a hypothetical population in which a 
definite series of changes are completed within the limits of one 
generation period, since the unit of growth is the individual cell 
and the unit of time is one generation period. 

In nearly every natural case the conditions of groviih (even under 
optimal conditions) are more complicated. When one bacterium is 
isolated and its products segregated as a pure culture, the generation 
time of each cell is not identically the same as that of its neighbours, 
and consequently at any given moment some cells are dividing, 
whereas the others are at various intermediate stages of the repro- 
ductive cycle. The rate of increase of such a population will be deter- 
mined by the percentage of cells actually dividing at any instant, 
and the actual grow^th of the population can be plotted as a smootli 
curve (dotted in fig. 128), instead of a series of points restricted to 
the end of each reproductive period (see fig. 128); the smooth curve 
is a parabola. 


dw 

dt 


= kx, where k is equal to 


log. 2 

generation time’ 


or iv = Xq where Xq is the number of cells originally present. 


Such an analysis only holds good when the average generation time of 
individual cells is the same for all the cells present, although for any 
given series of filially related cells the generation time may fluctuate 
from one successive cycle to another. This so-called logarithmic law 
of growi:h applies in practice to rapidly growing populations of 
bacteria (Lane-Claypon, 1909) and to yeast (Slator, 1913; Richards, 
1928 a and &). In cultures of fibroblasts Fischer (1925) states that the 



280 


THE GROWTH OF CELLS 

average {growth rate fluctuates in periodic cycles, so that the law of 
compound interest 'U'ill only hold with even approximate accuracy 
over long periods of time (see p. 293). 

The expression .r = e- is so frequently applied to the kinetics 
of growth that it is desirable to appreciate its full significance. It 
implies two things : (i) that ail the cells or a fixed percentage of them 
are alwaj's growing and dividing during the whole of their existence, 



Fig. 12S. Graph showing the rate of increase of a cell population in which (a) di\isioii 
is s\Tie}ironous, and the number of cells is suddenly doubled at the end of each 
L^eneration period, (b) division is not synchronous, but a constant proportion of cells 
are dividing at any given instant. 

and (ii) that although the generation times of all the cells present are 
not all identically the same, yet the variability in this respect remains 
unchanged; in other words, a cell which dmdes unduly rapidly must 
tend to give rise to cells which will di\dde slowly and vice versa. 
There must be no accumulated tendency to increase the percentage 
of rapidly dividing cells and to decrease the percentage of slowly 
dividing units (see p. 311). 
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It is necessary to remember that in all such systems the units 
concerned are individual cells, and that the act of cell cleavage is a 
discontinuous process for the purposes of assessing grovth. Hence, 
although we get a smooth curve which relates cell number to time, 
the fundamental change is not capable of analysis by such methods. 
By growth we mean increase in the amount of living material: this 
olniously goes on in the intercleavage period. If we restrict our data 
to arbitrary units of whole individual cells all we can say is that, 
taken as an average of the population, a given cell will produce an 
amount of new substance equal in bulk to the original cell in a given 
period of time. Until recently no single cell had been observed at 
frequent intervals during a period of grovi:h, and our knowledge of 
the actual rate of intracellular growth was based on indirect 
analysis. In the case of yeast and bacteria it is possible to estimate 
the total amount of material present by weighing the cells or by 
observing their volume (Slator, 1918; Coombs and Stephenson, 
1926). Similarly, the respiratory activity can be taken as a measure 
of the living substance present (Slator, 1913). In both cases the 
logarithmic law seems to hold with remarkable accuracy. The grovtli 
of individual cells has, ho-wever, recently been followed by 
Sclimalhausen and Bordzilowskaja (1930), who have measured the 
rate of increase in size of bacteria and yeast cells. They find that the 
rate of growth per unit length (SllSi.l/l) of Bacillus megatherium and 
of certain other forms remains constant during intercleavage periods 
of gro\\i:h, and consequently the course of growth obeys the logarith- 
mic law (see Table XXXIX and fig. 129). This logarithmic increase 
in size only occurs if the ratio of cell surface to cell volume remains 
relatively constant during the process of grovi:h. In spherical cells, 
this is clearly not the case, for as such cells increase in size so the area 
of cell surface per unit of volume decreases, and at the same time the 
growth rate declines. Schmalhausen concludes that the absolute 
rate of growth of cells is controlled by two opposing factors, one 
of which is directly proportional to the surface area, while the other 
depends on the volume of the cell. 

From the evidence available, it seems fairly safe to assume that 
a growing cell, of the types mentioned, will produce new material 
at a constant rate per unit of its own mass if the environment is 
strictly controlled at a satisfactory and constant level. At the same 
time this conclusion may not be of general application. Compara- 
tively few types of cells have been investigated by quantitative 
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methods, and within the group of the Protozoa there is considerable 
evidence to support the view that the growTli rate of a populatioB 
may decline even in a satisfactory medium. In Urolepius and allied 
forms the growth rate appears to be affected by the intrinsic* changes 
effected by conjugation (see Calkins, 1926, pp. 465-508). 


Table XXXIX. Bacillus megatherium, 28''-29'^. Average 
cross-section, l*54/x 


Time in 
0- minute 
intervals 


Length in 
.wC'/j 


0 0-44 

1 ; 0-92 

2 7'4-t 

3 i T-90 

4 S-52 

5 0-I2 

6 9-SG 

T 10-48 

8 11-10 

0 11-90 

10 12-SS 


’eloeity 
' gro\\i:h 

! 

Calculated | 
surface j 

1 

Specific rate 
of gro’wth 
(SZ/Sni/7) 

Ratio of 
surface to 

1 volume 

()-4S 

1 

36-03 1 

0-0120 

2-00 

0-52 ! 

38-44 

0-0121 

1 2-SS 

0-52 

40-96 

0-0113 

i 2-86 

0-50 

4:3-57 i 

0*0113 

1 2-S4 

0-00 

46-37 

0-0113 

1 2-82 

O-OS 

49-47 I 

0-0120 

j 2-Sl 

0-6S 

52-76 1 

1 0-0112 

i 2-79 

0-GS 

56*05 

1 0-0105 

2-78 

O-SO 

59-62 

1 0-0115 


0-92 

63-78 

j 0-0123 

2-70 



Fig. 129. Logaritliniic growth of single bacteria. The ordinates represent the log- 
aritrmi of the length in microns. (From Schmalhausen and Bordzilowskaja.) 

Inhibition of growth 

If the number of cells in a given culture is allo%ved to increase, 
there comes a time when the compound interest law quite clearly 
breaks down. Sooner or later the growTli rate declines and even- 
tually sinks to zero : after this there is a rapid decline in the number 
of bacteria present. The factors responsible for this breakdown of the 
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io«Taritluiiic law of population growth are not completely known. 
Graham-Smith (1920) has shown that under certain conditions the 
iniount of foodstuffs available plays an important role. In a par- 
deular culture medium, Graham-Smith found that Staphylococcus 
^'lureiis reproduces itself until there are approximately ten million 
orfyanisms present per 0*01 c.c. of medium, and that this figure is 
independent of the number of bacteria originally inoculated into tlie 
medium. 

Table XL 


So. of bacteria 
in original 
inoculum 

^Maximum no. of 
bacteria obtained 

No. of bacteria 
in original 
inoculum 

Maxiiiiiim no. of 
bacteria oljtained 

520 

9,248,000 

84,400 

8,720,000 

1392 

10,606,000 

1 4,300 

' 8,544.000 

1784 

9,280,000 

i 420 

' 8,490.000 

5660 

9,872,000 

1 59 

7,584.000 


There is therefore an upper limit to the density of bacteria which 
can be obtained in any given culture. This limit is largely depeipent 
on the concentration of nutrient substances in the medium (Table 
XLI) — see also Penfold and Norris (1912). 


Table XLI 


Relative concen- 
tration of food 

Maximum no. of 
bacteria obtained 

100 

25,840,000 

75 

20,300,000 

50 

15,760,000 

25 

9,416,000 

10 

4,273,000 


Hand in hand wuth the decline in growth rate of such cultures there 
is a decrease in the size of the individual cells, which itself is probabl^^ 
due to a diminution in the concentration of available food (Heiirici, 
1923 6). 

The far-reaching effect of food supply upon the gro\^i:h rate is 
seen when identical cultures of bacteria are grown at different 
temperatures (Table XLII). The higher the temperature the more 
intense are the metabolic processes of the cells, and consequent \ 
a higher concentration of food is required to maintain a maximum 
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population. In other words, with identical cultures, the food supply 
begins to rim short sooner at a high temperature than at a loiv 
temperature, and the maximum density attainable is corresponci- 
iiigly lower. 
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Percentage concentration of peptone 

Fill. 130. Grir -7;'- vrn'.L" the influence of nutritive material on the rate 
of : i-acteria. (From Penfold and Norris.) 


Table XLII 


Inciibation 
temperature (■ C.) 

Maximum density 
of bacteria | 

Time in days 
required to reach 
maximum density 

17 

18,272,000 

8 

27 

15,164,000 

j 5 

37 

10,448,000 

; ^ 


Even when the food supply of a cell culture is very rich, the 
growth rate ma}’ still decline, indicating that other factors are 
operative in addition to lack of food. Richards has shown that if 
yeast cultures are subcultured regularly every three hours, the 
logarithmic law is maintained until a concentration of 70 x 10® cells 
per c.c. has been reached: failure to subculture results in a decreased 
growth rate, although abundant food is present (see fig. 131). 
Richards has shown that the decreased grovdh rate is largely due to 
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rlie accumulatioii of alcohol "which begins to inhibit ^row’iiii at a 
concentration of about 1 mg. per c.c. 



Fig. 131. Graph showing the effect of the removal of toxic products on the 
gro\\i:h rate of yeast cells. (FVoni Richards, 102S b.) 

Lag phase of growth 

When for any reason an adverse medium effects a niarkedly 
depressant action on the growth rate, there is abundant evidence 
that the effect upon the cells is of a profound nature and that the 
external environment affects the cell in such a way as to make it'- 
recovery in an optimum medium a slow if not impossible process. 
When cells from an actively , grooving culture are transferred to a 
fresh medium — ^there is no check in the growth rate — the cells con - 
tinue to grow according to the logarithmic law. If, however, the cells 
are removed from an ageing culture in which the grovffh rate has 
fallen to a low value either from want of food or for any other cause, 
there is an appreciable period of time during which either no growth 
occurs or during which the growth rate is lower than that charac- 
teristic of later periods of culture. This critical period of depressed 
growth rate is known as the lag phase. The specific underlying causes 
of the lag in growth rate are obscure (see Penfold, 1914; Buchanan, 
1918; Salter, 1919). When the external environment begins to 
exert a depressant action on growth, a number of cells might 
be so affected as to be permanently incapable of further growth 
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even. %vh.en transferred to fresh medium and an apparent lag phase 
would be observed: on the other hand, the evidence for such 
a suggestion is not clearly established, for Wilson’s (1926) figure^ 
suggest that the percentage death rate does not change to a marked 
degree until the population of the culture is definitely on the down 
^rade It seems probable that e^ en if onl\ ^ iable cells are considerec 
the lag phase woidd still persist. The existence of this period i. 
perhaps not surprising, since the affects of adverse conditions or: 
organisms is often not readily and quickly reversible on transference 
to better conditions. 

The general course of the growth of bacterial cultures is well 
illustrated Ijv Buchanan’s diagram (see fig. 132); although the data 





Fi^ ’’ to illiistriitti; the phases of growth of a culture of bacteria. 1 i: 

the "initial stationarv phase during which there is no increase in numbers; a ^ bis the 
V -V- wiiicli the rate of groi^-th per unit organism is increasing ; 6 -> c is th.- 
during’ wiiieli the growth rate is constant; c d is the phase oi 
nc'^tive acceleration durinu wiiich the growdih rate falls to zero; d -> e, the number 
of “bacteria present is constant at a maximum value; e ^ / is a period of accelenitei 
death: / is the logarithmic death phase. (From Buchanan, 1918.) 

for other types of cell are much less extensive, there is no reason 
to doubt that the general course of growth is essentially similar to 
that exhibited by bacteria. 

Frequent attempts have been made from time to time to e.xpress 
the whole course of unicellular growTh in quantitative terms. It n 
very much open to doubt, however, whether such a procedure is 
useful in the present state of our knowledge (see Gray, 1929). 

One of the most striking conclusions to be derived from the study 
of growth in vitro is that, given suitable conditions, a population of 
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edis, whatever be their properties in situ, will continue to ^row 
iudefinitely at a steady rate. Fibroblasts, bacteria, veast and“pr. .- 
bably many protozoa, continue to grow and multiph-‘at a rate whidi 
i, constant within definable limits as long as the external enviroii- 
rneiit is maintained at a satisfactory and constant level Tti fS-,, ^ 

of tissue cells, life under such conditions is clearlv not limited to t^io 
rate or duration characteristic of corresponding' cells in sHu i- 
body; Carreland Ebeling’s(1922 a)culture of chicken fibroblasts knx- 
already persisted far beyond the normal life of an adult fowl and the 
amount of tissue to which the original culture has given rise G 
in excess of that which would have occurred had the original f ion“- 
biasts been grown in their normal positions in the body. To tuae 
extent, this is, of course, an artificial comparison, for it'rnivh' w.-T 
be argued that a fibroblast, growing in an excess of highly nutrient 
medium, is provided with an environment very different from tiie 
highly concentrated cell population present in an organised bodv. 
It is, perhaps, fairer to compare a cell in situ with a cell growincr i-' 
a dense suspension of cells in vitro. Here again, howe\-er. we mu-t 
conclude that the behaviour of the two types is curiously sirid^ar 
Just as the grovdh rate of a yeast or bacterial suspensioi; teriddo' 
decline to zero as the culture becomes older and more conceiitratt -d 
with cells, so a culture of fibroblasts in vitro will exhibit "the 
same phenomenon if it is not subcultured or provided %vitii fi-fsh 
medium. Such comparisons to normal growth in situ must not be 
pushed too far. Almost any disturbance of the external environ- 
ment Awll affect the groxvth rate in vitro and from a quantitative 
point of \dew it is as yet impossible to distinguish between a \-ariety 
c.f factors (lack of food, accumulation of metabolites, lack of ade- 
quate growth accelerators)— all of which cause departure from the 
logarithmic law of growth (see Gray, 1929). We cannot sav win- 
growth in situ is limited, but the facts of growth in vitro ciearly 
demonstrate that the surrounding medium, and the presence or 
absence of other cells, must play an important role. 

The parallel between cultures of unicellular organisms and 
metozoan cells grown in vitro is clearly very close. Not only are the 
two tj-pes capable of unlimited logarithmic growth, but when con- 
ditions are unfavourable their reactions are closely similar. When a 
subculture is made from an old culture of bacteria' we have seen that 
there is a marked lag phase before growth is resumed in the fresh 
medium. Similarly, it has been known for many years that em- 
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bryonic cells in vitro rmgvate, grow, and divide nauch more: rapidly 
than cells from older or adult animals; the younger the animal 



from which the original fragment is removed, the more quicld} 
does it show signs of growth in vitro (Cohn and Murray, 192o). 
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Just as in the case of bacteria, there is a latent period before gro'wdh 
begins, and the length of this period is a direct function of the age 
of the fragment. This may conceivably be due to the accumulation 
of a growth-inhibiting factor as the organism grows older; until this 
substance can diffuse away from the cells into the medium, growth 
would obviously be slow. On the other hand, it may be due to the 
lack of specific nutritive substances which are only generated in 
appreciable quantities in the embryo (see p. 294). 

Tissue culture 

That tissue cells can grow after excision from the body w^as first 
demonstrated by Ross Harrison (1910). Small fragments of the 
central nervous system of a frog, immersed in a hanging drop of 
lymph, clearly exhibited the outward migration of nerve cells and 
the subsequent outgrowth of nerve fibres from the cells. This im- 
portant discovery opened up entirely new methods for the investiga- 
tion of cell growth and its allied problems, for it was soon showm that 
the phenomenon is by no means restricted to nerve fibres, but is 
exhibited by many other types of cells (see Lewis and Levis, 1924). 
The technique for successful tissue culture has been described in 
detail by Strangeways (1924 b). Roughly speaking, success depends 
upon the isolation of an aseptic fragment of tissue in a suitable 
nutritive medium. For good results, it is desirable that the growing 
cells should be provided with a solid surface to which they can attach 
themselves, and this is usually provided by implanting the fragment 
in a drop of coagulable plasma, although foreign solids, e.g. glass 
wool or spider’s webs (Harrison, 1914), immersed in a fluid medium 
will suffice (fig. 134). More recently, Carrel has replaced the ‘hanging 
drop ’ technique by the ‘ flask ’ method, wherein the clot of plasma is 
attached to the bottom of a small aseptic flask, capable of containing 
a relatively large amount of fluid medium •which can readily be 
changed from time to time: this obviates the necessity of the con- 
stant subculturing necessary in the case of hanging drop cultures. 

The growth of the excised fragment is preceded by the outw^ard 
migration of the cells from their normal position. The migrating 
cells are mostly derived from the peripheral regions of the fragment 
and, as already mentioned, movement seems to be restricted to solid 
surfaces or to the interior of solid media; if a culture is growing in 
a liquid drop the cells will only migrate w^hen attached to the cover- 
slip or to the liquid/air film, whereas in a liquid medium containing 

G C . 19 
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solid surfaces of fibrin or cotton wool, the cells migrate into the 
interior of the drop along such surfaces (Harrison, 1914; Fischer, 

1925). 

It will be noticed that although the phenomenon of migration 
increases the surface area covered by the fragment, no growth is 
involved in the sense that there has been an increase in the total 



Fis. 134. Ceil from the medullary cord of a frog grown in vitro. Note attachment of 
the cells to spider’s web. x 300. (Ross Harrison, 1914.) 

mass of the living cells present. The mechanism of migration is 
obscure. Harrison (1911, 1914) regards it as an instance of ‘stereo- 
tropism’ to solid surfaces, whereas Burrows (1913) suggested that 
the movement away from the periphery of the implant is essential!} 
a chemiotropic movement away from a region of abnormal acidit}. 

The cells which migrate outwards from the surface of the frag- 
ment often show a marked difference in form to that which charac- 
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teris^s them when in situ in the tissue. The characteristic form of 
ixiiorating cells is illustrated in fig. 135, and is not greatly different 




Fig, 135. A. Culture of frog’s artery in plasma; 6.C., red blood corpuscle; e? 2 d., eii o- 
thelial cell; lx., leucocyte. B. Culture of frog’s cerebrum; nv.c., nerve cell; ngl.c., 
neuroglia cell. (After Drew.) 

for different types of tissue. To some extent the shape of the cells 
in a culture depends on the nature of the medium in which gro'v^i:h 

19-2 
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is taking place. Uhlenhuth (1915) found that epithelial cells awH 
grow as a membrane and retain their characteristic form if the gro^rth 
occurs on the surface of the clot, but if the cells penetrate into the 
clot itself the cells separate from each other and become spindle- 
shaped. It is generally admitted that when growing in vitro all cells, 
irrespective of the tissue from which they are derived, tend to 



Fig. 136. Stained culture of epithelial cells, two months old, x 1425. (From Fischer, 
Journ. Exp. Med.) Note that the cells have grown as an epithelium and have not 
dissociated. 


acquire a common spindle-shaped form not unlike normal fibroblasts. 
This fact has been interpreted in two ways. Champy (1913 d. and 6) 
believed that all tissue cells when grown in vitro lose their peculiarly 
differentiated form and all revert to a common embryonic condition; 
more recently (1921) he has shown that glandular cells when grown 
in vitro do not produce their normal secretory products. On the 
other hand, Barta (1923) and others claim that no real loss of differ- 



293 


THE GROWTH OF CELLS 

entiation occurs, and that the prevalent spindle shape is the result 
of abnormal cell environments : certainly in very few cases is there 
reliable evidence to show that one cell type can change into another 
as a result of growth in vitro. On the contrary, there are several 
examples of ^organised’ growth in vitro, when the conditions of 
growth approximate more closely to the normal. Thus A. H. Drew 
(1923) found that the presence of fibroblasts in a culture of kidney 
epithelium resulted in the production of kidney tubules, whereas in 
the absence of fibroblasts unorganised spindle-shaped cells alone 
were formed. 

The migration of cells in vitro is both interesting and important, 
but it is not so fundamentally significant as the fact that migration 
may be followed by true growth and reproduction. 

Having migrated from the periphery of the implant, a limited 
number of the active cells soon begin to show^ signs of mitotic 
division. Considerable caution is required in defining the nature 
of these cells since most tissue fragments contain cells of more 
than one type : by a process of subculture, however, it is possible 
to be reasonably sure that only one type of cell is present. If w’e 
regard the active cells of a tissue fragment as a homogeneous popu- 
lation in respect to the period of time which elapses betw^een tw’o 
successive divisions, we would expect to find that at any given 
moment there would be approximately the same number of cells 
undergoing division as at any other moment (see p. 278). Fischer 
(1925), however, concluded that this is not a true picture of 
the facts. Using a nine months’ old culture of chicken fibroblasts 
it was found that there were definite periods during wdiich no 
mitoses were visible; between such periods there w'ere others in 
wliich mitoses were relatively frequent. Fischer interprets these 
observations as an indication that the mitotic activity of one cell 
can induce a similar activity in another, possibly by means of the 
protoplasmic bridges which he believes are present between neigh- 
bouring cells (see also p. 178). According to Fischer, a single isolated 
cell will not grow owing to the absence of essential secretions 
(‘desmones ’) which normally pass from cell to cell; it is claimed that 
it is the passage of such substances from one cell to another wdiich 
enables the presence of actively dividing fibroblasts to incite a 
similar activity in a culture which has hitherto exhibited a much 
lower rate of growth. The nature of these substances seems prob- 
lematical, but they may be related to the Hrephones’ described by 



294 


THE GROWTH OF CELLS 


Carrel (1922). Trephones are the essential principles contained in 
le-ucoc5i:es or extracts of leucocytes which stimulate groi^th in 
fibroblasts and other tissue cells (see also Carrel and Ebeling^ 
1923 e). 


Media for growth 

Only a limited amount of growth in vitro will occur if fragments 
of tissue are isolated in a medium of pure saline (Lewis and Lewis, 
1924), and numerous attempts have been made to extend the amount 
and duration of growth by the addition of nutrient substances to 
the medium. The presence of plasma is beneficial in that it provides 
a mechanically suitable medium — it does not, in itself, sustain un- 
limited growth and may even be toxic if derived from an old animal 
(Carrel and Ebeling, 1 923 a). A very large number of other substances 
have been investigated but only one — namely, the extract of young 
embryos — has proved really satisfactory. Using the aqueous extract 
of crushed chick embryos Ebeling (1922) succeeded in maintaining 
the growth of chick fibroblasts more or less indefinitely — ^the same 
strain having been kept alive in subcultures for at least fifteen years. 
During this time nearly 2000 generations of cells have occurred, and 
as far as can be judged there is no diminution in the rate of grovth. 
Of the efficiency of embryo-extracts there can be no doubt and the 
rate of grovLh, as judged by the area of new cells formed per unit 
time per unit of growing tissue, is roughly proportional to the con- 
centration of embryo extract present (Carrel, 1923 6) and inversely 
proportional to its age. The full significance of this result will be 
considered later; at the moment it is useful to enquire into the 
nature of the substance introduced by the extract. We have already 
seen that for the growth of cell populations there must exist a 
suitable supply of nitrogenous compounds capable of being built up 
into new cell structures, and there must also exist a supply of a 
substance capable of sustaining the respiration of the cells when 
formed. As far as can be judged by the work of Warburg and 
Kubowdtz (1927) and Watchorn and Holmes (1927), the latter 
supply can be provided by the presence of glucose. There remains 
the possibility that embryo extracts provide a supply of nitrogen in 
a form not available in ordinary plasma. Baker and Carrel (1926-8) 
attempted to decide this point by dialysing embryo extracts in such 
a way as to remove amino acids, and found that the residue had lost 
its power of sustaining unlimited growth; on the other hand, the 



295 


THE GROWTH OF CELLS 

addition of free amino acids did not raise the efficiency of the residue 
to its original value as a stimulant of grovi;h. The same authors 
found that if embryonic tissues are digested by pepsin for a very 
short period, the resultant medium has very high growth-promoting 
properties. Prolonged digestion with pepsin or digestion with 
trjTsin result, and consequently Baker and Carrel 

concluded that the efficiency of the embryo extract depends on the 
presence of substances akin to the proteoses — and not to the smaller 
amino acid groupings which result from prolonged digestion. Attempts 



Fig. 137. Graph showing the effect of embryo extract and of 
fibrin digests on the rate of growth of cells in vitro. 

to repeat these observations by Willmer (1928) appear to suggest 
that other factors may also be operative. But, as pointed out by 
Willmer, the evidence brought forward by Baker and Carrel supports 
the conclusion that amino acids can provide a source of energy to the 
cells and that proteoses may provide a source of nitrogen for the 
formation of new cells. 

Amino acids and proteoses cannot, however, be the sole con- 
stituents of embryo extracts which influence grovi^h. Carrel, 
Fischer and others have found that the extract loses its efficiency if 
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heated above 56° C., which suggests that an enzyme is probably 
involved. According to Carrel, the active principle will not pass 
through a Chamberland filter and appears to be adsorbed to protein 
surfaces. On the other hand, Wright (1926) has obtained a highly 
active gro^^dh stimulant which can readily be dialysed through 
parchment membranes — indicating that such substances need not 
necessarily have a high molecular weight. 

Whatever be the nature of the growth-promoting principle it is 
present in its most potent form in young embryos and is less obvious 
in extracts from older individuals. Carrel believes that embryonic 
extract contains two principles, one which stimulates growth and 
one which inhibits it. We have already seen that the plasma of 
young animals sustains a higher rate of growth than does that of 
older animals. If this difference were due solely to the partial loss 
of a grovdh accelerator, the efficienc}^ of older plasma should be 
increased by concentration. According to Carrel and Ebeling (1921 6, 
1923 a) this is not the case, and we have to infer the existence of a 
depressant factor, which increases in potency as age increases. 

So far the culture of cells in vitro has been largely restricted to 
tissues of the higher vertebrates; there are comparatively few 
observations on invertebrate tissues. Goldschmidt (1917) succeeded 
in growing the follicular cells of the testes of Lepidoptera, but in most 
cases invertebrate tissues appear to exhibit only organised growth 
in vitro (Plananians (Murraj^ 1927); Diptera (Frew, 1928)). 

Cell dijferentiation and metaphasia 

There comes a time, sooner or later, when the resultant cells of a 
segmenting egg can be divided into a series of differentiated categories. 
This process of cell differentiation is not, as yet, susceptible to 
physiological analysis, although some of the underlying factors are 
now known. During the early development of amphibian eggs, in 
particular, it is possible to state with certainty that the subsequent 
fate of undifferentiated cells depends upon their position in respect 
to localised centres, which are capable of organising a series of 
specific cell types in such a way as to produce a complete embryo. 
At present, these ‘ organisers ’ are purely biological concepts and it is 
impossible to foretell how far their action on undifferentiated cells 
will eventually be explicable in physico-chemical terms. We may, 
however, consider certain minor aspects of cell differentiation. In 
the first place it is desirable to know how far the process is irreversible 
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or to what extent a particular type of differentiated cell retains the 
potentiality of conversion into another form. As already mentioned, 
Ciiampy (1913a, 1914) believes that when a differentiated tissue cell 
loses its characteristic place in the body and migrates into an arti- 
ficial medium, it loses its specific properties and reverts to an un- 
differentiated embryonic type which, theoretically, should be able 
to give rise to a variety of other differentiated types. The bulk of 
opinion is, however, against this view (see Lewis and Lewis, 1924), 
and most authors believe that although cells grown in vitro are very 
similar in form, yet minor characteristics of a specific nature remain, 
and that there is no real dedifferentiation to a common embryonic 
type. On the other hand, Fischer (1925) claims that leucocytes can 
become fibroblasts, and that fibroblasts can give rise to macro- 
phages. 

A number of instances are known where the cells of one tissue, 
when growing in the body, have given rise to another tissue. Ac- 
cording to Adami (1908) such instances of metaplasia always obey 
the rule that epithelial tissues can only be converted into other types 
of epithelia, and mesoblastic tissues only to other types of meso- 
blast. It would seem that columnar ciliated epithelial cells can form 
a squamous epithelium, if subjected to chronic irritation, and the 
pavement epithelium of the bladder can be converted in a columnar 
epithelium. Similarly, true bone can be formed in the lungs, or in 
the walls of arteries (Harvey, 1907). In nearly every case, however, 
it is exceedingly difficult to make certain that the new tissue has 
actually arisen from cells which were an integral part of the old 
tissue, and have not developed from undifferentiated or quiescent 
cells present in the original tissue in comparatively small numbers. 
In this connection the work of H. V. Wilson (1907, 1911) is of 
peculiar interest. Wilson found that if the tissues of the sponge 
Microciona are cut up into small fragments and squeezed through 
bolting silk, the resultant pulp of cells is capable of reorganising 
itself into compact tissues or even into new sponge individuals. 
In the macerated pulp there are cells of three main types: 
(a) dermal cells, (b) collar cells, (c) amoebocytes. If a group of dermal 
cells cohere together without the inclusion of either collar cells or 
amoebocytes, the subsequent mass will form only dermal cells. 
Similarly, the collar cells can only give rise to collar cells. The 
amoebocytes, on the other hand, can give rise to either dermal cells 
or to collar cells. Difficulties arise in the identification of these 
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three types of cells in a regenerating mass, for there is a tendency 
for each type of cell to acquire a common rounded form devoid of 
any collar. Wilson was inclined to think, however, that dermal cells 
and collar cells may in some cases actually dedifferentiate to a 
common type which is totipotent in the sense that, like amoebocytes, 
they may subsequently give rise to more than one type of differen- 
tiated cell. According to Galtsoff (1925), however, the regenerated 
sponge is derived from two types of cell; the amoebocytes give 



Fio- 138. Restitution mass of Pennaria (6 days old) showing developing hydranths 
from a group of artificially separated cells: op, perisarc of original mass; ai, pen- 
sarc of outgrowth adherent to glass. (After Wilson.) 

rise to the mesenchyme and skeleton, whereas the pinacocytes gh e 
rise to the dermal membranes and flagellated chambers (see Table 
XLIII). For a recent discussion of the whole problem reference 
should be made to Wilson and Penney (1930). Similar difficulties 
arise in the case of the restitution bodies of hydoids (fig. 138) 
(Wflson, 1911). 

It is also 'ivithin the invertebrate kingdom that some of the mos 
striking cases of metaphasia are found. According to Morgan (1904 ), 
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the muscles of the regenerated crab’s claw are derived from the 
original ectoderm, a fact which vitiates Adami’s rule. Similarly, 
Kroeber (1910) showed that the pharyngeal epithelium of Allolo- 
hophoTCL can be regenerated from the endoderm of the alimentary 
canal, although in ontogeny it develops from the ectoderm; a com- 
plete survey of such 'totipotent’ or ' pleuripotent ’ systems (see 
Przibram, 1926) would carry us too far from a consideration of the 
cell. As already mentioned, the technical difficulties associated with 
the investigation of cell differentiation are considerable and there 
are comparatively few instances known where it is safe to conclude 


Table XLIII. (From Galtsoff.) 



that new growth has not been restricted to previously undifferentiated 
cells. One of these is provided by the work of G. H. Drew (1911). 
Drew implanted a small fragment of the ripe ovary of Pecten into 
the adductor muscle of another individual (see fig. 139); a layer of 
fibroblasts quickly formed round the fragment which itself was then 
invaded by phagocytes so that it eventually degenerated. After a 
lapse of about six days no trace of organised ovarian tissue remained, 
but its site was marked by a cyst which was surrounded by fibro- 
blasts and contained blood corpuscles and other bodies. Three ^veeks 
later the innermost fibroblasts gradually changed their shape and 
formed a cell layer resembling columnar epithelium which later 
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became ciliated. Eventually the whole cyst became lined with weU- 
defined ciliated epithelium; it seems reasonable to suppose that the 
new epithelium was actually formed from fibroblasts. This case is of 
peculiar interest for it is hardly conceivable that undifferentiated 
ciliated cells were originally present in the muscle. 
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Fig. 139. Formation of ciliated epithelium {cil, ep.) from a layer of fibroblasts (fbl. 
lur.) lining a cyst formed round a piece of ovary {deg. ov.) implanted into the adductor 
muscle of Pecten. 1, Portion of cyst wall after 23 days. 2, Cyst wall after 26 days. 
3, Cyst wall after 30 days, 4, Cyst wall after 98 days, b.c., blood corpuscles; msl. 
fbr., muscle fibres; msl. nuc., muscle nuclei. (After Drew, 1911.) 
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CHAPTER TWELVE 


Cell Variability 


However similar they appear to be at first sight, the units of a 
biological population are never identically alike: to this rule the cell 
is no exception. In size, form and activity the individual members 
of a cell population exhibit differences from each other, and these 
differences may often play an important part in the history of the 
whole system. 

The variability within a cell population may be of two types. 
Firstly, there may be a state of static variability wherein each cell 
maintains a particular characteristic at a constant level. For 
example, the eggs of a trout or of a sea urchin are not all of equal 
size, but any given egg remains of a constant size, since large eggs 
do not suddenly become small eggs or vice versa. Statistical variation 
of this type can be defined in quantitative terms if sufficient mea- 
surements are available. So far, however, very few observations 
have been made on individual cell structures and consequently the 
data of Heiberg (1907) are of some interest. This author measured 
the diameter of the nucleus in the pancreas and liver cells of young 
mice and from his data fig. 140 has been constructed. The form of 
the curve is comparable to that which displays static variation 
within other types of population and can be expressed algebraically 
by standard methods (Fisher, 1925). In all such cases wm can assign 
to each member of the population a particular value for the character 
concerned which will remain constant as time proceeds. Thus one 
nucleus has a diameter of 6 p. and another nucleus has a diameter of 
lOp; as far as we know, these values do not change. On the other 
hand, other characteristics of cell activity may not remain constant 
in this way; they may vary from time to time, so that a given cell 
may be highly active at one moment and relatively inactive at a 
later moment. Such variability is known as dynamic variability and 
may play a very important r61e in biological phenomena. There can 
be little doubt that neglect of this factor has led to considerable 
confusion in certain types of cytological experiments. 
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It may be noted at once that neither static nor dynamic varia- 
bility within a cell population will seriously invalidate the results of 
any experiments or observations which are made on systems iu 
which all the members of the population are actively concerned 
during the whole operation. For example, if we take a million sea 
urchin eggs en masse and measure their total volume or then rate of 
respiration, we can express the volume or respiration of a single egg 
bv dividing the total volume or activity by the number of eggs. V e 
get, in this way, an average value, which is accurate m so far as an 
Litlmietic mean is a reliable guide to the activity of the whole popu- 



lation. The larger the number of cells which are employed, the more 
likely are we to reproduce, in successive experiments, the results 
obtained by any single observation. So far, cells are similar to any 
other biological population which exhibits static variability, and ve 
need not worry whether a particular individual cell exhibits variable 
activity during an experiment; by using large numbers, the chances 
are in favour of one cell compensating for the changes m another. 

Variability introduces a very real difficulty, however, when the 
conditions of an experiment are such that the imits involved are no 
the same during the whole series of observations. If, for examp 6,^6 
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are observing the onset of fatigue in a bundle of muscle fibres, the 
gradual diminution in contractile response to a stimulus may be due 
to one of two causes : (i) the response of every fibre may be reduced, 
(ii) the response of some fibres may disappear altogether, leaving 
others in a state of relatively normal activity. The same type of 
problem arises when a muscle or sense organ composed of many cells 
is exposed to weak stimuli (Hecht and Wolf, 1928 ). Here the in- 
crease in quantitative response to stronger stimuli may either be due 
to an increased response of every cell or to an increase in the number 
of cells which actually respond. The variability of response within 
a population of single cells can be illustrated by the observations of 
Lund and Logan ( 1924 ) on the coalescence of the intracellular 
vacuoles of Noctiluca as a result of an electrical stimulus. From 
Table XLI V it will be seen that as the intensity of the applied stimulus 


Table XLIV 


Current intensity 
in milliamperes 

Percentage of cells 
which responded 

20-04 

100-0 

17-42 

100-0 

14-42 

95-2 

10-00 

88-2 

7-12 

87-9 

4-90 

50-0 

4-20 

5-7 


decreases, so the percentage of cells which respond falls. In a multi- 
cellular tissue it would be difficult, if not impossible, to distinguish 
between a statistical variation of this kind, and a more fundamental 
change occurring simultaneously in all the cells present. To some 
extent these difficulties can be overcome by making observations on 
single cells, and thereby eliminating the static variability of the cell 
population. Examples of this type are available from several 
sources — ^irritability of individual muscle fibres (Jinnaka and 
Azuma, 1922 ; Brown and Sichel, 1930 ), nervous impulses (Adrian 
and Brock, 1928 ), exosmosis (Gray, 1921 ). In many cases, however, 
it is technically impossible to restrict observations to single cells, 
and even where this is possible the difficulty sometimes persists (see 
below). The disturbing influence of static variability upon the 
observed course of biological processes is so persistent that it is 
worthwhile to consider one or two specific instances. 
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There seems to be only one case in which it is possible to obtain a 
biological population which is essentially homogeneous in respect to 
a given character. This fortunate state of affairs is found in rapidly 
growing cultures of micro-organisms. If we start with two bacteria 
in a culture, one of which is capable of division once every twenty 
minutes and the other only once every forty minutes, then after four 
hours the total number of bacteria will be 4160, of which 4096 are 
derived from the more active member of the two original organisms; 
if we now subculture the population there will quickly come a time 
when the whole population is restricted to descendants of the faster 
growing bacterium, all others will have been eliminated. In practice 
the effect of a statistical difference between the growth rates of 
different types of bacteria or tissue cells is a useful means of ob- 
taining pure cultures. As long as only one type of bacterium is 
present the rate of growth of a rapidly growing culture follows, very 
accurately, the simple equation 


■where x is the number of bacteria present, and where Aj is a constant 

loff 2 

whose value is determined by the expression — ^ , where r is the 

T 

time bet-^veen each successive reproductive act (see p, 279). This 
example is of interest for, as pointed out elsewhere (see p. 279), there 
still exists wdthin the population of growing cells a state of dynamic 
variation. All the bacteria do not divide at exactly the same rate; 
some bacteria divide after a shorter period of time than others; it is, 
however, no longer possible to divide the population up into separate 
permanent categories, since a bacterium which divides rapidly tends 
to give rise to daughter cells which divide slowly and vice versa. In 
other words, there is no change in the total variability of the popula- 
tion as time goes on. Throughout the whole period of observation 
there is only one variable, namely, the number of cells present. We 
must remember however that, since the generation time r is an 
average figure which represents the mean about which the whole 
population fluctuates, the constant k must also represent an average 
vmlue. 

When we are concerned with the reproduction of a mixed popula- 
tion of cells the situation is much more difficult. In this case each 
type of cell will exhibit dynamic variability about the mean of its 
own species and not about a mean which is common to all the cells 
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present. The total number of cells formed from each particular 
species will be where n is the number originally present, k is the 
constant of reproduction of the species, and t is the time. Since the 
population is heterogeneous, the number of cells originally present 
can be divided into categories each possessing a characteristic value 

% "b ^2 “b % ... 


After a time t each category will have produced a number of daughter 
cells — so that the total number in the increased population (A't) 
will be 

]Vi = ... 72^ 

It is obvious that the value of Nt cannot be determined theoretically 
unless we know the relative values of 72^, ng, 723 . . . , or in other words 
we must know the numbers of the members of each of the original 
categories together with the value of k characteristic of each. If we 
were able to stop the course of reproduction at appropriate intervals 
we would find that a mixed population alters in two respects as time 
goes on; (i) there is an increase in the total number of cells present, 
(ii) there is an increase in the percentage of rapidly dividing cells 
present. The effect of this second change is to alter the average 
generation time for the whole population. We are therefore dealing 
with a system containing two variables — one of which represents the 
total number of dividing cells and the other a change in the average 
generation time. Quite clearly we must stabilise one of these 
variables before the effect of the other can be determined. Before 
attempting to do this it is convenient to consider similar populations 
in which the number of cells is decreasing instead of increasing. 
A good example of such a system is provided by the reaction 
between a population of bacteria and a toxic reagent or a disin- 
fectant. Here again we are dealing simultaneously with two separate 
processes: (i) the reaction between each bacterium and the dis- 
infectant, which leads to the death of the cells, (ii) a change in the 
variability of the whole population. Only the most sensitive cells are 
d}’ing during the early stages of the reaction and only the most 
resistant cells at the end. When we make a graph which correlates 
the number of surviving bacteria with time, both these changes are 
involved and both will influence the nature and form of the curve. 
As a rule the first variable is known as the fundamental reaction. 
Miss Chick (1908, 1910) and others found that the curve relating the 
number of bacteria killed with the time of exposure to a disinfectant 
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could be expressed by the equation of a first order reaction and 
concluded that the fundamental reaction was of a monomolecular 
nature* The extreme improbability of this conclusion has been 
pointed out by Brooks (1918). The fundamental condition for a 
monomolecular reaction is that the same percentage of existing 
molecules undergoes change at any time during the reaction; it is 
purely a matter of chance whether a particular molecule undergoes 
change early in the reaction or late. If all the cells of a population 
were equally sensitive at all times to the action of the disinfectant, 
they would all die at precisely the same time. Since the cells do not 
die simultaneously, there must be individual differences between the 
cells. Miss Chick (1910) assumed that cyclical changes proceed 
at the surface of a bacterium whereby its molecules will only react 
with the disinfectant when they happen to possess a critical energy 
content, and that the distribution of energy among the individual 
molecules is of the random type found in inanimate monomolecular 
systems. Under such circumstances there is no progressive change 
in variability of the whole system — ^because both early or late in the 
reaction the same type of distribution curve will express the popu- 
lation of molecules : there is only one variable, viz. the total number 
of reacting molecules or cells. In other words the variability of the 
bacterial population is of a dynamic nature, in that a cell may be 
sensitive at one moment, and resistant at another. An hypothesis 
of this type is not very convincing, for we know from other biological 
systems that a difference in sensitivity between two individual mem- 
bers of a population is often something which is fixed for the life of 
the animals and, as far as we know, a particular characteristic of this 
type is not distributed fortuitously to another member of the popu- 
lation. If we assume that a given individual possesses a definite 
sensitivity (k) to a toxic reagent, and another individual possesses 
a different and smaller sensitivity {kj), then the first individual will 
die before the second, and in a large population the order in which 
the cells will die will be definitely fixed, and will not be due to chance. 
In such a system the distribution curve expressing the population 
in terms of sensitivity will change continuously throughout the 
process of disinfection for the most sensitive organisms will die 
before the others. In other words we have again introduced a second 
and complex variable into the equation which defines the rate of the 
reaction. As explained above, we cannot proceed further unless one 
of these two variables can be determined independently; unless we 
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can define the variability of the population of bacteria, we cannot 
define the nature of the fundamental reaction which occurs between 
any given bacterium and the molecules of the disinfectant. As 
pointed out by Brooks, the disinfection/time curves of Chick and 
others, with their marked similarity to the exponential or mono- 
molecular type, may be explained in either of two ways, (i) We may 
assume a monomolecular reaction between the molecules of dis- 
infectant and the molecules of the bacteria, if we are prepared to 
admit a state of dynamic variability in the sensitivity of the latter, 
(ii) We can assume that the fundamental reaction between the 
bacterium and the disinfectant proceeds at a uniform rate and that 


individual cells differ from each other in sensitivity in a particular 
way. The most probable type of curve relating the number of bac- 
teria with specific degrees of sensitivity is Pearson’s (1895) skew 
curve of limited range, 



where and are the numbers of degrees of resistance beyond the 
mode possessed by the most fragile and most resistant classes of 
bacteria. If we put k^^ = 0, then the distribution curve becomes 



and if is large the curve relating the number of surviving bacteria 

mth time will approximate to the exponential type. How far either 
of these explanations are adequate may be doubted, for in the second 
case the type of distribution curve is highly abnormal and postulates 
a maximum number of bacteria with a sensitivity at or very near 
the limit of variation. The immediate point of interest is, however, 
focussed on the fact that it is impossible to analyse any single series of 
data in the production of which more than one variable has played its 
part. The more we try to escape from these difficulties the more 
unsatisfactory the position seems to become^. This is, perhaps, illus- 
trated by the process of decay in the activity of spermatozoa (Gray, 
1928). The observed facts can either be harmonised with the con- 
ception of a first order reaction occurring within a heterogeneous 
population of a particular type or as a process of autointoxication 


^ The difficulties have been considerably reduced by the recent work of 
Ponder (1930). 
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within a population whose variability in respect to both directions 
of this reaction gives the same type of curve. Unless we have inde- 
pendent evidence, we can only base our opinions on the intrinsic 
probability of one or other hypothesis, and not on the goodness of 
fit of a particular equation. If we attempt to base our conclusions 
on the voodness of fit of a particular equation we find that we are 
dealin^v with equations involving several arbitrary constants. There 
is the constant peculiar to the fundamental reaction, and there are 
the constants defining the variability curve— viz. the mean, and the 
departure from the mean on the two sides. By suitable values a 
reasonable fit can always be obtained, but the fundamental truth 
remains that it is on the intrinsic probability of these values that the 
validity of the whole hypothesis will rest. 

Since it is intrinsically improbable that all the cells of a population 
will be identically alike, it is equally probable that no biological 
change involving an increase or decrease in the number of active 
cells present will ever yield a reaction curve comparable to that of 
a chemical system. Unfortunately we may have to extend this 
statement to "include reactions involving smaller units than cells: if 
there are units inside the cell which vary among each other and whose 
properties in this respect are more or less constant during the life 
of the units, we would be no further forward even if we were able to 
carry out a series of observations on one single cell. An example of 
this type is provided by the rate of exosmosis of electrolytes from 
a single egg cell of the trout (Gray, 1921). As long as the proto- 
plasmic surface of the egg is intact no measurable loss of electro- 
hdes occurs ; when the protoplasm dies the loss of electrolytes obeys 
the simple diffusion laws— so that the rate of loss of electrolytes is 
determined by the diffusion gradient between the inside and the 
outside of the cell and by the area of protoplasm which has become 
permeable. All regions of the egg surface do not become permeable 
at the same time, however, so that once again there are two variables : 
(i) the rate at which the surface becomes permeable — which differs 
in different regions, (ii) the diffusion gradient between the interior 
of the cell and the external medium. If the means employed to make 
the protoplasm permeable acts very quickly over the whole surface 
of the egg the resultant osmosis/time curve becomes concave to the 
abscissa very soon after the start — ^but in all other cases the curve 
clearly reflects the effect of both factors involved (fig. 141 B). When 
the protoplasm is exposed to a strong toxic reagent, the form of the 
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curve obtained is that due to the effect of the diffusion gradient, 
since the processes of diffusion are slower than those producing 
protoplasmic permeability; under these conditions all the proto- 
plasmic units are destroyed at a very early stage, and the funda- 
mental reaction is very rapid compared with that of diffusion. 
When the toxic agent is -weak a considerable time elapses before 
all the protoplasmic units have been destroyed, and during this 
period the form of the curve reflects both the variability of the 
protoplasm and the effect of a falling osmotic gradient bet%veen the 
inside of the egg and the external solution. Similarly, if the funda- 
mental process of disinfection or death of bacteria w'ere extremely 
rapid, the so-called percentage death/time curve might be in realitv 



Fig. 141 . Curve A shows the rate of exosmosis from a single egg of the trout when 
exposed to a solution which rapidly destroys the normal impermeability of the 
protoplasm. Curve B shows the rate of exosmosis from an egg whose impermeability 
is more slowly destroyed by a less toxic solution. 

the mortality curve of the population without reflecting in any 
obvious way the nature of the fundamental reaction. This was 
suggested by Loeb and Northrop (1917) for Miss Chick’s data. In 
most cases, however, the observed curve is probably the result of 
two variables (as pointed out by Brooks), as is quite clearly the case 
with the data of exosmosis in solutions of weak toxicity. 

At this point it is of interest to divert from living cells to inanimate 
systems. Within the molecular population of a gas the total kinetic 
energy is not equally distributed among its members. Some mole- 
cules will at any given moment be moving very rapidly — others will 
be moving much more slowly. These facts are expressed in Maxwell’s 
distribution curve. If we were able to mark a single molecule and 
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observe, from time to time, its kinetic energy, we would find that 
this energy is not fixed and immutable, but varies with time over a 
range identical with that characteristic of the whole population when 
measured at any given moment. Such systems, like Miss Chick’s 
conception of bacterial surfaces, are of a dynamic type and play their 
part in many types of physical change. So far as is known, however 

a h 





Fig. 142. Distribution curves of size of particles in colloidal suspensions, a and 6, 
gold sols ; c, mercury emulsion. (From Svedberg.) Curve a is comparable to fig. 140. 
Curve 6 is similar to that described by Ponder (1930) for the sensitivity of red- 
blood corpuscles to haemolytic agents. Curve c is comparable to those of Chick and 
others for the death of bacteria in solutions of disinfectants. 


the phenomena of sialic variability are only of chemical significance 
within colloidal systems. Within any given suspension the sizes of 
the individual particles are not the same, but are distributed on a 
variability curve of one form or another (fig. 142). The relative 
number of particles of any given size can be estimated in such systems 
by a variety of methods (see Svedberg, 1928, pp. 167-188). In many 
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cases the size of s particle does not greatly influence the velocity of 
chemical reactions in which the particle takes part, but in a few 
cases there is good evidence to support the view that such a state 
of static variability within colloidal populations has a very real and 
profound effects Svedberg (1928) and others have shown that when 
a photographic film is exposed to light and subsequently developed, 
the individual grains of silver halide are either completely reduced 
to silver and dissolved away or they are not dissolved at all. If, 
however, potassium bromide is added to the developer there are a 
certain number of grains which, after development, are only par- 
tially dissolved. According to Svedberg the sensitivity to develop- 
ment depends on the presence of one or more ‘ centres ’ at which the 
process of development can occur. These centres are points at which 
the sensitivity of the grain surface reaches a critically high value; 
the sensitivity being measured by the least amount of energy re- 
quired to induce the formation of a reduction centre. Ilflien the 
film is exposed to a stream of a-particles the intensity of incident 
energy is high enough to produce a centre wherever an a-particle 
falls on a grain, consequently the process of development follows an 
exponential curve, p = taa n _ ^-u\ 


where P = the percentage of developable grains and k = the number 
of a-particles falling on one projective area of the halide grain per 
second. When, on the other hand, the film is exposed to ordinary 
light the energy of one quantum of light is too small to give a 
developable centre. It is necessary for a minimum number of quanta 
to be absorbed within a definitely limited area of the grain surface — 
and this number varies from one part of the grain to another — con- 
sequently the effect of development after varying exposures follows 
a sigmoid curve which is partly an expression of the variability of 
the grains of the population and partly of the number of grains 
present (fig. 143). Systems of this type are admittedly uncommon 
in physical systems, but it is by no means uncertain that they may 
prove to be the rule rather than the exception within living systems. 
Quite clearly the introduction of a state of static variability into 
a chemical system profoundly modifies the application of the normal 
laws of mass action : instead of the rate of a reaction being pro- 


^ In this connection it is interesting to note that statistical variations in cell 
size have recently been held to be responsible for the form of the mortality 
curve of bacterial populations (Hahn, 1929). 
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portional to the mass or concentration of the reacting units, it 
becomes proportional to the mass or concentration of those units 
which happen to possess a critical degree of statical sensitivity. 

We may now consider how far it is possible to escape from some of 
these difficulties by means of a suggestion made by Ponder (1926).i 
This author was concerned with a population of red blood-corpuscles 
wffiose surface possessed varying degrees of resistance to the action 
of haemolytic agents. The velocity of haemolysis is proportional to 
the number of molecules of free haemolytic agent (c) and to the 
number of cells present (%) at any given time : 



Average number of rays striking a grain 


Fig. 143. The effect of radiant energy on a photographic emulsion. 

(From Svedberg.) 

If it be assumed that the variation in sensitivity be expressible by 
a frequency curve of the ty^pe n = where n is the number of 

cells broken down by an amount of haemolytic agent cc, then as 
haemolysis proceeds the number of cells haemolysed will be, as ivitli 
other such systems, 

% = 1 doc. 

Jo 

Expressed as a graph this will result in a sigmoid curve ABC (fig. 
144). If we substitute this value for % in equation (ix) we are left 
with an expression the integration of which is exceedingly unwieldy. 

^ Ponder’s recent work (1930) renders this treatment obsolete except as a 
first approximation. 
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Ponder cut tlie Gordian knot by suggesting that if this curve be 
replaced by the straight line the errors introduced are not 

greater than others which necessarily creep into experimental 
procedure. When simplified in this way it is possible to incorporate 

h C 



Fig. 144. The curve A\Ci is the distribution curve of the red blood-corpuscles in 
respect to their degree of sensitivity {x) to haemolysis. ABC is the integrated curve. 



Fig. 145 . Frequency polygon illustrating the variation in susceptibility of red blood- 
corpuscles to C5rtolysis by saponin. The susceptibility is measured in terms of milli- 
grams of saponin required to produce cytolysis. (Ponder, 1927.) 

into the analysis of experimental results a term which will be a 
quantitative expression of the change in variability of the system, and 
which at the same time leads to a differential equation which can 
be integrated to express the progress of the experiment. This pro- 
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cedure is satisfactory as long as we have some external evidence 
with which to check the arbitrary values assigned to the constants 
in the initial variability curve. 

If such evidence is wanting, Ponder’s approximation is liable to 
be dangerous. An example has recently been quoted elsewhere 
(Gray, 1929). 

An ageing culture of bacteria exhibits a rapidly declining growth 
rate (see p, 285): if the bacteria are subcultured into a satisfactorv 
medium the full growth rate is eventually resumed, but is preceded by 
a period of low^er growth rate w^hich gradually rises to the full value. 
Ledingham and Penfold (1914) obtained the following figures. 


Table XLV 


Time in minutes 

No. of bacteria present 

0 

217*5 

45 

287 

60 

345 

SO 

470 

100 

718 

120 

1362 

150 

2535 

180 

7610 


To account for these figures we might make the following hypothesis. At 
the beginning of the experiment let us imagine that aU the bacteria are 
alive but unable to reproduce, but as time proceeds they gradually recover 
from the effects of their past history. All the bacteria will not recover at 
the same rate, some will recover after a short time and some after a 
longer time; at the end of three hours the culture is known to be growing 
at a steady rate. If we express the variability of the bacteria by Ponder’s 
approximation, and if the number of actively reproducing bacteria be x, 
and the number of inactive bacteria be then 

+ + » 


loge2 


^vhere ^ is— — . 

generation time m minutes 

Giving k the arbitrary value of 0*0285, we get a series of figures which 
conform very closely to the observed figures. If, however, k = 0*0285, 
then the generation time for the active bacteria should be 24*3 minutes; 
experimentally, however, k is found to be 0*0385 (= a generation time 
of 18 minutes), and if we put k = 0*0385 in equation (x) we get figures 
very far removed from the experimental observations. 

This example indicates the danger of assigning arbitrary values to 
constants in any biological equation. 
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Another useful contribution to the theory of static variation 
within cell populations was made by Yule (1910). If a population of 
cells is exposed to adverse circumstances (leading to a decrease in 
their number) for a given number of time units, 1, 2, 3, these 
periods can be regarded as equivalent to a successive series of in- 
cidents each one of which may lead to an elimination of the life of 
the cell. For any given cell any one of these exposures may be 
‘effective’ or ‘non-effective’ in that it may damage the cell or leave 
it uninjured. Let it be supposed that r effective exposures cause the 
death of the cell, and let the chance of any one exposure being 
effective on any one individual be p. Such a condition of cumulative 
death processes is not an unreasonable conception. Under such cir- 
cumstances the proportion of individual cells which will have re- 
ceived 1, 2, 3, ... effective exposures after the nth exposure will be 
given by the terms of the binomial expansion 

3”, n.3”-ip, 2 (xi). 

If r exposures are fatal then the total number of survivors at the end 
of the nth exposure will be given by the sum of the first r terms of 
series (xi) and the total proportion surviving at the end of (?i —1) 
exposures will be given by the first r terms of the series (xii) 

q^-\ — ^qn-^^jyz ...(xiij. 

The proportion of the original population which die between the 
onset of the (n — l)th and nth exposure will be the difference between 
the first r terms of the two above series, and this will reduce to 

P"’ fP% ip" 9% 

which is the binomial expansion of p‘^ (1 — q^^. The significance of 
this result is seen by substituting different values for r. If r = 1, 
one single effective exposure results in death and the series becomes 
strictly logarithmic, as is apparently the case mth bacteria exposed 

to disinfectants, « 

p.pq.pq^,,,. 

If however r is greater than 1, the number of deaths per exposure 
rises gradually to a maximum and then declines as is usually the 
case. Yule has extended this argument to cover those cases in which 
death is not necessarily a discontinuous process, but for the present 
purposes it is sufficient to point out that the wide range of curves 
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shown in fig. 142 can be deduced from Yuk’s treatment. Unless, there- 
fore, we have reason to suspect that one is more likely to be true than 
the other, it is cpuite impossible to foretell what will be the precise 
effeet of sktical variation on the process of an intracellular reaction, 
such as muscle fatigue, or decay in rate of respiration. 

As alreadv pointed out problems of statical variation are not 
restricted to'' phenomena in which the number of units in a popula- 
undergoing irreversible decay, but are also found in func- 
tional systems of a different type. Quite recently Hecht and Wolf 
(1928) have shown that the resolving power of the bee s eye at 
different intensities of light can only be interpreted on the assump- 
tion that the threshold stimuli for the various ommatidia are not 
the same but are distributed on a fairly symmetrical distribution 

curve. 

It will readily be admitted that all these attempts to reduce 
the problem of statical variation to manageable proportions are 
unsatisfactory. The dominant fact remains that if the members of a 
cell population carrying out any reaction are themselves liable to 
become ineffective, there is introduced a factor which cannot ade- 
quately be expressed in quantitative terms. There are always two 
variables: (i) the intensity of the reaction being measured, (ii) the 
number of units concerned in the reaction at different times; as 
long as these two variables are unknoAvn in quantity any observed 
result can only be the result of their combined effects. The only safe 
and reliable procedure is to design experiments in which static 
variability plays no part; failing that, some method must be found 
for measuring the degree of physiological variation by other means, 
and then applying this value to a particular series of obseivations. 
The whole subject is one of great difficulty, but at the same time is 
of very far-reaching importance. It is significant that problems of 
a similar nature arise in colloidal suspensions; it may well be that 
further study of such inanimate systems will be of the greatest value 
to cell physiology. 
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CHAPTER THIRTEEN 


The EquiUhmim hetiveen a Living Cell 
and Water 


It is common knowledge that four-fifths of the total weight of 
living cells consists of water and that in higher vertebrate animals 
any significant variation in water content may involve far-reaching 
consequences. Amphibia, however, exhibit a much higher resist- 
ance to desiccation, although it is not clear how far the water 
w'hich can be lost is restricted to the blood and the skin or how far 
it can be drawn from the cells of the more fundamental tissues; 
newts can recover from a loss of water equal to half their normal 
body weight (Gray, 1928 ). It is, however, within the invertebrate 
kingdom that organisms exhibit maximum toleration to desiccation; . 
rotifers and nematodes are the outstanding examples (see Daven- 
port, 1897 , Vol. 1 ). The behaviour of the rotifer Philodina roseata 
suggests, however, that the actual loss of water from the living tissues 
is more apparent than real. When the rotifer is dried in sand on a 
glass slide it becomes spherical and secretes round itself a gelatinous 
envelope, wuthin which it remains encysted until water is again 
available. This capsule is relatively impermeable to water, so that 
the amount of water vdthin the cells always remains relatively high 
(Davis, 1873 ). 

Only in a few cases has any attempt been made to correlate the 
water content of specific types of cell with functional activity. All 
types of protoplasmic contraction eventually fail if water is removed 
from the cells beyond a critical level, whilst nuclear and cell division 
are also sensitive to lack of water (see Chapters VIII and IX). 

In the simplest forms of life, e.g. bacteria, the water content of the 
cells exhibits considerable variation in response to the medium in 
which the cells are immersed, but in higher animals the normal water 
content is the result of a more complicated equilibrium. According 
to Mayer and Schaeffer ( 1913 , 1914 ), the ability of a cell to hold water 
depends on the ratio of cholesterol to fatty acids inside the cell, but 
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for an elaboration of this view the original papers must be consulted. 
For the present purposes, the equilibrium between a living cell and 
water is chiefly of importance in that it is closely associated with the 
equilibrium between the cell and the solutes present inside and out- 
side the cell respectively. By observing the passage of water into or 
out of a cell in different types of environment it is possible to gain 
some insight into the factors which control this all-important aspect 
of the cell’s activity. 

Permeability to water 

If living tissues are exposed to a solution whose osmotic pressure 
is higher than that of their normal environment the cells lose water. 
If the tissues are replaced in their normal environment they re- 
absorb the water which had previously been lost. Such facts were 
first established by Pfeffer (1877) in plant cells in which plasmolysis 
involves the passage of water from the central vacuole through the 
protoplasm of the cell. Both qualitatively and quantitatively plant 
cells behave as though their protoplasmic elements were freely 
permeable to water, but highly impermeable to the substances 
in solution. If the cell were not only permeable to water but also 
to the substances in the outside environment, no water would 
pass from the cell, since it is the differential pressure of the 
dissolved substances outside the protoplasm which provides the 
energy required to move the water. It thus appears that under 
certain specific conditions the protoplasm of a vacuolated plant cell 
may be comparable to a membrane such as copper ferrocyanide : it is, 
in fact, a semipermeable membrane being permeable to water but 
not to the sugars and other dissolved substances which are capable 
of exerting an osmotic pressure. The validity of this conception is 
supported by the following facts. If a membrane of copper ferro- 
cyanide is interposed between a solution of cane sugar and a system 
of water, the force (P) under which the water tends to pass into the 
cane sugar is directly proportional to the molecular concentration of 
the sugar (C) and to the absolute temperature (T), 

P = kCT, 

as long as the membrane is completely impermeable to the sugar. 
The osmotic pressure of all molecules is the same, so that all solu- 
tions containing one gram molecule of solvent exert the same os- 
motic pressure. Overton (1899) found that filaments of Spirogyra 
are just plasmolysed by a 6*0 per cent, solution of cane sugar and 
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remain unplasmolvsed by all weaker solutions. The molecular weight 
of cane sugar is 342 so that a 6 per cent, solution is equivalent to 
0-175M. As long as a living cell of Spirogyra is completely imper- 
meable to the molecules of the solute, it will be plasmolysed when 
the effective concentration of any substance reaches the value of 
0-175M. In the following table are found the results obtained by 
Overton, who expressed his figures in terms of grams per 100 c.c. 
and not as gram molecules per litre. 

Table XLVI 


Substance 

Molecular 

weight 

Critical coi 
for plas 

Observed 

(%) 

icentration 

jmolysis 

Calculated 

(%) 

i" 

i Cane sugar 

342 

60 

— 

j Mannite 

182 

3-5 

3-19 

j Dextrose 

180 

3-3 

3*15 

Arabinose 

150 

2-7 

2-68 

Er\i:hrite 

122 

2-3 

2-14 

Asparagin 

132 

2-5 

2*32 

T -QO 

Glycocoll 

75 

1-3 



As pointed out by Hober (1922) the molecular weight of a substance 
can, in fact, be determined by measuring the concentration neces- 
sary for plasmolysis. Thus before the work of de Vries (1888) the 
moiecular weight of raffinose was uncertain: it might have one of 
three values 396, 594 or 1188. But the cells of Tradescantia are 
plasmolysed by a 3-42 per cent, solution of cane sugar and by 5-96 
per cent, raffinose. Since the molecular weight of cane sugar is 342, 
that of raffinose must be approximately 596. 

In Pfeffer’s equation P = IcCT, the molecular concentration C is 
clearly the reciprocal of the volume occupied by one miit mass of 
the solute, so that this volume ( V) is related to the osmotic pressure 
by the expression PV = kT, which is of the same form as that which 
applies to the pressure and volume of a gas. In 1877 van’t Hoff 
showed that these two systems are not only similar but are identical, 
so that k is replaceable by the gas constant P: 

PF= nRT where n = number of gram molecules present in 
unit volume. 

In the case of a plant cell the volume occupied by unit mass of the 
solute is obviously proportional to the volume of the vacuole, so that 
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it is possible to test the relationship PF = by measuring the 
volume of the vacuole when the cell is in equilibrium with plasmo- 
lysing solutions of different concentrations. This was done by 
Hofler (1917) who used cells of filamentous algae. 


Table XLVII 


Concentration of 

Relative volume of 

Isotonic 

plasmolysing fluid 

the vacuole 

concentration 

P 

V 

PV 

0-30 

0*585 

0*175 

0-35 

0*494 

0*173 

0-45 

0*38-2 

0*172 

0*60 

0*287 

0*172 

1 


It is seen that van’t Hoff’s law holds with remarkable accuracy, and 
that if the cells are to retain their normal volume ( F= 1), the con- 
centration of the external solution must be approximately 0-17531. 

The osmotic pressure and plasmolysing efficiency of all molecules 
is the same, but these properties also apply to electrolytic ions. 
Hence, if a molecule undergoes electrolytic dissociation its plasmo- 
lysing efficiency is increased, since each molecule will give rise to two 
or more ions. If 100 molecules of an electrolyte are dissolved in 
water and some of these {a) are dissociated to form ions according 
to the equation (xiii), 

== nX + (xiii), 

then the total number of ions present will be a (n -f n^) and the 
number of undissociated molecules left will be 100 — a. Hence the 
total number of molecules and ions will be 

a (n + %) + 100 — a. 

Each gram molecule of substance will therefore be equivalent, as far 

j ^ ^ (^^ -T- m) ^ 100 — a 

as osmotic pressure is concerned, to — gram 

molecules of a non-electrolyte. This fraction is usually known as 
van’t Hoff’s factor i, and it can be calculated by a variety of physical 
methods. If living cells are completely impermeable to a particular 
type of molecule and to one or more of the ions to which it gives rise, 
then it should be possible to establish the value of i by obser^diig 
the concentration of electrolyte required to produce plasmolysis. 
Observations of this type were made by Fitting (1917) who used the 
cells of Tradescantia, 
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A consideration of Tables XL VI and XLVIII shows that the plas- 
molytic efficiency of both non-electrolytes and electrolytes is slightly 
below the figures which can be calculated theoretically, and this 
suggests that the surface of the living plant cell is not absolutely im- 
permeable to the substances exerting the osmotic pressure. At the 
same time the discrepancy is small, and hardly influences the con- 
clusion that to a remarkable degree the protoplasmic elements in a 
mature plant cell behave as though they possessed true semipermeable 
properties, in that they are permeable to water but not to molecules of 
sugars or neutral salts . It is, however, very important to note that the 
relevant data apply only to experiments of short duration. Probably 
the protoplasm of plant cells is always permitting the passage of 
dissolved molecules and ions, but the rate at which this can occur is 


Table XLVIII 


Salt 

van 't Hoff’s factor as calculated from 

Plasmolysis 

Freezing point 

Electrical 

conductivity 

KNO 3 

1-64 

1*78 

1-83 

KCl 

1-68 

1-84 

1-86 

K 0 SO 4 

2-2 

2-36 

2-38 

NaNOs 

1-65 

1*8 

1-83 

LiCr 

1*73 

1-85 

1-81 

MgSO, 

101 

1-1 

1-33 

MgCl. 

2-39 

2-64 

2-45 

CaCl 

2-37 

2-59 

2-45 


very much less than the rate at which water can pass in or out of the 
cell — so that it is only in experiments involving considerable periods 
of time that any discrepancy will be observed which is due to a 
penetration of the dissolved molecules or ions — assuming always 
that the protoplasm does not undergo in any experiment a process of 
irreversible injury. Injury or death rapidly entails a high degree of 
permeability to sugars and salts (Stiles, 1924). 

In being permeable to water the plant cell is not unique; similar 
properties are displayed by most animal cells. In the latter case, 
however, there are three important differences from plant cells, 
(i) There is no large central vacuole, so that changes in volume which 
result from the passage of w^ater into or out of the cell represent 
changes in the volume of the protoplast itself, (ii) Most animal cells 
become instable if the qualitative composition of the surrounding 
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medium differs materially from the normal environment of the cells. 
These two facts must be borne in mind during any discussion of the 
osmotic equilibria of animal cells, (iii) Most plant cells are sur- 
rounded by a tough cellulose membrane, so that if the cell be im- 
mersed in a hypotonic solution water will cease to enter the cell 
when the osmotic effect of the cell contents is balanced by the 
hydrostatic pressure of the cellulose wall. In animal cells the 
hyaline membranes of the cell are often very delicate structures 
possessing a considerable degree of plasticity, so that their elastic 
resistance to osmotic forces is probably not very great. 

As will soon be evident, the equilibria between animal cells and 
their aqueous environments are more complex and less well defined 
than is the case of plants. One of the earliest types of animal cells 
to be investigated was the red blood-corpuscle of vertebrates. 
Hamburger (1902) carried out an extensive series of experiments and 
found that when the osmotic pressure of the medium exceeded a 
critical value the cells not only changed in appearance but also 
allowed the haemoglobin to diffuse out of the cell. In this condition, 
of course, the cell is no longer normal, so that although Hamburger's 
observations were of interest they were not of great value as a 
measure of the properties of normal cells. That red blood-corpuscles 
lose water when exposed to hypertonic solutions is illustrated by 
Hedin’s (1897) experiments in which the volume of the corpuscles 
was measured in a haemocrit after exposure to a constant centri- 
fugal force for a fixed period of time. 


Table XLIX 


Concentration of KNO 3 
in gram molecules 
per litre 

Volume in c.c. of red 
blood-corpuscles per 
i 00 c.c. of (Suspension 

0-08 

48:6 i 

0*10 

46-3 

0-12 

43-2 

0-14 

41-2 

0*16 

39-9 i 

0-18 

39-4 1 

0-24 

88 -T ; 

0-30 

37-2 I 


A consideration of these figures (Table XLIX) shows at once that 
the amount of water lost by exposure to hypertonic solutions is very 
much less than that' calculated by the expression PV= kT, Either 
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the cells axe permeable to potassium nitrate or the water content of 
the cells is only controlled by osmotic factors to a comparatively 
small degree. A similar conclusion is reached from a study of the 
osmotic properties of cells in intact tissues (Siebeck, 1912). Excised 
kidneys of the frog were weighed before and after exposure to Ringer 
solutions of varying strength and care was taken that in each case a 
true equilibrium was attained before the observations were recorded. 
If it be assumed that in each 100 gr. of excised kidney the dry con- 
tents together with the water held by forces other than osmotic is 
a grams, and if x is the observed weight when in equilibrium with 
any given solution, then ^ is the amount of water held in the 
cell by osmotic forces 

{x ~ a) = k, so that p {x — a) = p^ {x^^ — a). 


Table L 


Concentration of 
Ringer solution 

P 

Relative weight of 
excised kidney 

X 

Dry weight 
+ non-osmotic 
fraction 

a 

2-0 

79 

58 

1-0 

100 

— 

! 0*75 

111 

68 

i 0*5 

127 

73 

0*25 

174 

75 


From Table L it is evident that after allowing for the dry weight 
of the kidney (= approximately 15 gr.) there must be at least 40 gr. 
of water in every 100 gr. of normal tissue which is not held in the 
cell by simple osmotic forces. This conclusion was originally reached 
by Overton (1902). Calculations of this type obviously assume that 
no appreciable mechanical pressure is exerted on the protoplasm 
by the cell membranes. For example, if a cell is surrounded by a 
tough and rigid envelope and the cell is then placed in a hypotonic 
medium, no water can enter the cell since the volume of the latter 
cannot increase : the osmotic pressure between the outside solution 
and the protoplasm will be balanced by the mechanical pressure of 
the envelope. Similarly, if such a cell is placed in a hypertonic solu- 
tion, loss of water wall be inhibited unless the envelope is elastic and 
can accommodate itself to the reduced volume without any signi- 
ficant changes in energy, or unless the protoplasm can separate itself 
from the envelope as is the case of plant cells. 
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When animal cells are immersed in solutions of different osmotic 
pressure there is general agreement that the resultant changes in 
volume differ perceptibly from those which would be expected from 
a system bounded by a true semipermeable membrane, \\dthin which 
all the water was osmotically active. This is clearly the case with 
kidney cells and with sea urchin eggs (Liicke and McCutcheon, 1927). 
It does not follow, however, that Overton’s explanation is correct. 
As shown by Hamburger, animal cells readily lose their normal 
osmotic properties in abnormal environments, and any such change 
will obviously affect the power of the cell to imbibe or lose water. 
The recent observations of A. V. Hill (1930) indicate that this factor 
is, in fact, responsible for the apparent failure to account for the 
amount of water in muscle cells on the assumption that it is all 
‘osmotically active ’. Instead of observing the changes in %veight of 
a single muscle in a hypertonic or hypotonic medium. Hill compared 
the changes in weight of two similar muscles in hy-pertonic and 
hypotonic solutions respectively; in this way it is possible to com- 
pensate, to some extent, for irreversible changes in permeability to 
solutes, since they will be more or less the same in both lots of tissue. 
Since the method is of general application it may be considered in 
some detail. Two gastrocnemii muscles of the frog are taken, having 
initial weights of xmity and which are in equilibrium w'ith Ringer 
solution of concentration R. Let a be the solid plus ‘bound’ water 
fraction, and x be the osmotically active fraction, then (1 — a — .r) 
is the osmotically inactive water fraction. One muscle is then 
brought into equilibrium with hypertonic Ringer solution (1 + r) R, 
and the other with a hypotonic solution (1 — r) R. If the permea- 
bility of the muscle cells change in any way x will become x (1 -r 3) 
where S may be positive or negative. If (1 — « — a:) changes it may 
become (1 — a — ») (1 -H S'). If A is the final weight of the muscle 
in the hypotonic solution and B is that of the musele in hypertonic 
solution, then 

^ = a -K1 - a-£c)(l -1- S') + 


B = a + {1 — n — ®) (1 -h S') -| — j • 


A-B = 


a; (1 -f- S) 2r 


1 — {A — B) 

and the final osmotically active fraction ^ (l-f 8) == ^ • 
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When analysed in this way, the amount of water in a muscle cell 
which is not osmotically active is found to be extremely small, and 
it looks as though Overton’s results were due to irreversible changes 
caused in the muscle during the experiments or to the failure to 
reach a true position of equilibrium. It is of interest to note that 
Hill’s data are derived from experiments in which the cells re- 
mained alive during the whole series of observations. 

We have already seen that a plant cell- comes into equilibrium 
with its surrounding medium when the osmotic force exerted by the 
cell sap against the external solution is balanced by the hydrostatic 
pressure of the cellulose wall. In animal cells there is no cellulose 
wall, and it seems doubtful whether the surface hyaline membranes 
could exert an elastic force capable of opposing a significant differ- 
ence in osmotic pressure between the inside and the outside of the 
cell. It is therefore surprising to find that the cells of animals living 
in a fresh water environment do not burst or swell continuously. 
Either the effective difference between the osmotic pressure inside 
and outside is very slight, or the cell must have some means of 
excreting water from its interior. Many years ago Hartog (1889) 
suggested that the contractile vacuoles of Protozoa represented such 
a mechanism, and Day (1927) has recently reported an increase in 
the rate of excretion of water by Amoeba on transfer to pure dis- 
tilled water. It is known that salts affect the frequency of con- 
traction of these vacuoles and Gruber (1889) and others reported 
the absence of vacuoles in marine types. The more recent observa- 
tions of Adolph (1926) make it doubtful, however, whether the total 
amount of water excreted by an Amoeba is strictly a function of the 
osmotic force exerted between the external medium and the interior 
of the cell, since the rate of excretion of water appears to be inde- 
pendent of body surface or volume. The absolute rate of excretion 
by the vacuole of Amoeba appears to be one cubic millimetre of 
water per square millimetre of body surface every 11-42 minutes, 
and from 4 to 30 hours are required for the excretion of a volume of 
water equal to that of the volume of the body. 

Before considering the water equilibrium of the cell in greater 
detail it is useful to remember that the water content of a cell might 
conceivably be affected by circumstances other than the number of 
molecules or ions in the external medium. We have seen that the 
water content will change if there is a difference between the osmotic 
pressure inside and outside the cell which is not compensated by 
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mechanical or other forces. As long as the internal osmotic pressure 
is niaintained by non-electrolytic molecules or by the ions of strong 
electrolytes, the interior of the cell may legitimately be compared 
to a sugar solution enclosed within a membrane of copper ferro- 
cvanide. If, however, the osmotic pressure inside the living cell 
is maintained wholly or to a significant degree by the ions of a weak 
electrolyte it will be sensitive to any treatment which alters the 
degree of ionisation of such systems. The importance of this point 
can be appreciated from the following facts. Powdered gelatin when 
washed in water absorbs a certain amount of water; if we wash this 
damp gelatin with sodium chloride which is faintly alkaline no 
marked change will occur, but if we now rinse the powder with 
distilled water the particles rapidly absorb a large amount of water 
which will be liberated again by the addition of sodium chloride to 
the medium. The nature of these phenomena are now fairly well 
defined. The amount of water which is taken up by the gelatin is 
determined by the degree to which the gelatin is ionised in the form 
of sodium ions and gelatinate ions ; when sodium chloride is added 
the number of free gelatinate ions is decreased and consequently the 
amount of water held by the particles is reduced. Proctor and 
Wilson (1916) have shown that the addition of neutral salts to a 
gelatin system reduces the amount of water which is absorbed in a 
way which is qualitatively and quantitatively in harmony with a 
system conforming to a Donnan equilibrium (see p. 899). Funda- 
mentally the processes of swelling of gelatin and the uptake of water 
by a system surrounded by a copper ferrocyanide membrane are 
the same; the only difference is that in the former case the gelatin 
is impermeable to gelatinate ions and permeable to all the others, 
whereas in the latter case the impermeability is extended to much 
smaller molecules and ions. 

It is clear, therefore, that when we maintain that the surface of 
a living cell is comparable to a copper ferrocyanide membrane we 
must base our views on stronger evidence than the plasmolysing 
action of neutral salts. On the other hand it is equally unsatisfactory 
to maintain, for similar reasons, that the cell is essentially equivalent 
to a particle of gelatin (Lapicque, 1924). There are a few significant 
facts which enable us to differentiate between these two possibilities. 
As shown by Proctor and Wilson the water content of a fragment of 
gelatin depends on two factors: {a) the amount of ionised gelatin 
present, {h) the nature of the salts in the surrounding medium. If 
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a fragment of swollen sodium gelatinate is exposed to a weakly acid 
solution the fragment rapidly loses water owing to a reduction in 
the amount of ionised gelatin. If, however, a living cell is exposed 
to an acid medium, and care is taken to ensure that the acid pene- 
trates into the cell, no detectible change in water content can usually 
be observed as long as the cell is alive. This fact alone indicates quite 
clearly that the water content of normal cells is not controlled by 
the same factors as control the swelling of gelatin: there must be 
some mechanism other than the presence of intracellular proteins 



pH 

Fig. 146. Curves showing the relation between the volume of an Amoeba and the 
hydrogen-ion concentration of the medium. The ordinates represent the percentage 
loss or gain in volume. (From Chalkley.) 


which limits the entrance and exit of water. The inability of 
acid to alter the water content of normal cells has been observed 
by Beutner (1912, 1913), Liicke and McCuteheon (1926, 1927) and 
others. Again, non-electrolytes influence the swelling of gelatin to 
a negligible extent, and yet they readily plasmolyse living cells. It 
should be mentioned, perhaps, that Chalkley (1929) has recently 
reported changes in the water content of living Amoebae in response 
to changes in the hydrogen ion concentration of their surrounding 
media (fig. 146). 
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Post-mortem swelling 

Tlie osmotic properties of the cell surface undergo profound and 
rapid alteration when the cell dies. When death occurs the factors 
controlling the water content of the cell change and become pre- 
cisely similar to those of a gelatin system. This fact is often over- 
looked and merits perhaps a few illustrative examples. 

Beutner (1912, 1913) showed that as long as a muscle retains its 
power of responding to stimuli its water content varied solely with 
the osmotic pressure of the surrounding medium, although the 
latter might be abnormally acid. After irritability is lost and the 
individual fibres begin to die, the water content of the cells in- 
creases owing to the acidity of the medium and, as with gelatin, 
the amount of increase depends on the concentration of neutral salts 
present. It is a simple matter to state that a cell begins to exhibit 
imbibitional swelling as soon as it begins to undergo the irreversible 
processes leading to death: it is more difficult to decide just when 
these changes begin. In a tissue, or in a population of cells, they do 
not begin in all the cells at the same time (see Chapter XII), so that 
we cannot say definitely whether imbibitional swelling is restricted 
to dead and dying units or whether it is equally distributed through- 
out all the cells. These difficulties can, however, be overcome to a 
large extent by using single cells. For this purpose the unfertilised 
eggs of the trout Salmo fario provide very useful material. As long 
as the cells are alive they are yellow and translucent ; wffien they are 
dead they are white and opaque. Structurally, each egg consists of 
a thin protoplasmic film enclosing a clear solution of globulin dis- 
solved in neutral salts ; the whole system is enclosed within a tough 
translucent egg-shell or membrane. The salts which are present in 
the yolk are largely sodium and calcium chlorides and are pi'esent 
in a concentration equivalent to a depression of the freezing point 
~ 0-45° C. As long as the cell is healthy no appreciable quantity of 
electrolytes diffuses out into the surrounding water, and this state is 
maintained for many days or even weeks; the moment the cell 
becomes unhealthy the exit of electrolytes can be detected by a rise 
in the electrical conductivity of the surrounding medium (Gray, 
1921). This test is of extreme delicacy and can be demonstrated with 
considerable ease. As soon as sufficient electrolytes 'have left the 
cell, the globulin in the yolk is precipitated and it is for this reason 
that the cells become opaque; at no time, however, does the egg 
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membrane (the shell) become permeable to colloids. It can readily 
be shown that the water content of the dead egg follows the same 
laws as an equal quantity of globulin enclosed within a parchment 
membrane, and behaves as a system which strictly obeys the 
Donnan equilibrium. As long as the cell is alive, however, the water 
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Fig. 147. Diagram illustrating the effect of hydrogen and hydroxyl ions on the uptake 
of water by (A) living and (B) dead cells. Starting with a living egg of Salmofario the 
amount of water remains unaffected by the hydrogen ions in the medium until the 
protoplasmic membrane is destroyed, whereupon the intracellular electrolytes diffuse 
outwards and the cell becomes opaque ; as the acid or alkali diffuses inwards in sufficient 
concentration to dissolve the globulin the egg becomes transparent and swells : finally 
when the acid or alkali is present in excess the egg again loses water and becomes 
opaque (salt action of the excess alkali or acid). 


content can only be changed by altering the number of osmotically- 
active ions outside the egg — and during this process the water con- 
tent is independent of the hydrogen ion concentration of the medium. 

The change from osmotic to imbibitional swelling, which attends 
the onset of surface injury, is of very general application. It can be 
seen in the curves given by Miss Jordan Lloyd (1916) describing the 
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effect of acids and bases on the water content of frogs’ muscles, 
although this author does not refer to the fact, and concluded, on 
the other hand, that ‘the osmotic phenomena of muscle can be fully 
explained without assuming the presence of a semipermeable mem- 
brane round the muscle fibres 

If a muscle is exposed to dilute alkalies it first swells, then loses 
water, and finally swells again; corresponding to these changes are 
visible changes in appearance. During the first phase the muscle is 
milky white, in the second it is opaque, in the third it is glassy and 
transparent. During the two later phases there can be no reasonable 
doubt that the muscle is dead; during the first phase it is probably 
alive. From the evidence already presented the whole curve could 
be explained as follows. During the initial phase the external fluid 



Fig. 148. Graph showing changes in weight of a frog’s muscle when immersed in 
dilute solutions of sodium hydroxide. Note the initial ’osmotic’ rise followed by the 
fall due to exosmosis of salts from the cells. Finally an ‘imbibitional’ rise occurs. 
(Fig. from Jordan Lloyd.) 


is hypotonic and therefore the cell absorbs water osmotically ; after 
a time, however, the alkali destroys the surface thereby causing a loss 
of semipermeability ; a loss of water then occurs owing to the diffusion 
outwards of the neutral salts normally present in the cell; finally the 
alkali diffuses inwards and ionises the proteins which promptly 
absorb water. Essentially the same phenomena are observed with 
acids. 

The kinetics of osmotic equilibria 

The rate at which water passes into living animal cells from 
hypotonic solutions has been investigated by R. S. Lillie (1916) and 
more recently by McCutcheon and Liicke (1926). The materials used 
were the eggs of sea urchins and the amount of water entering the 
cell in a given time was estimated by measuring the volume of the 
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spherical eggs. As defined by Lillie the rate of entry of water may 
depend on three main factors, (i) The driving force of osmosis, 
which will be equal to the difference between the osmotic pressure 
of the external solution on the one hand, and the osmotic pressure 
inside the egg together with the elasticity or cohesive strength of the 
cell surface on the other, (ii) The frictional resistance to the passage 
of water through the egg surface, (iii) The area of the cell surface. 
In practice, the volume of an unfertilised egg which is swelling in 
hypotonic sea water can be determined by an empirical equation, 
identical with that of a reaction of the first order 

(xiv), 

t ^ ea'~ ^ t 

where V is the volume of the egg in osmotic equilibrium with the 
hypotonic solution, F, is its volume at time t, and the initial 
volume of the egg. A: is a constant. , 

Lillie’s data and those of McCutcheon and Liicke harmonise re- 
markably well with equation (xiv). It is, however, by no means 
clear that they can be equally well harmonised with first principles 
(Nortlirop, 1927 c). Lillie made two assumptions: (i) that the elastic 
and cohesive forces of the cell membrane are negligible, (ii) that the 
change in surface area during swelling can be ignored. In such circum- 
stances the rate of swelling will be proportional to the difference 
between the osmotic pressure of the cell contents and that of the sur- 
rounding medium ^j/ 

— = A) 


where Pj is the osmotic pressure inside the egg and P^ the osmotic 
pressure of the medium. If the egg is a perfect osmotic system 

P,F* = P™F,, = h. 


when Vt is the volume at time t, F,, is the volume when in equi- 
librium with the surrounding medium. Hence 


dV^ 

dt 


(h- h.\ = 

VF* fJ 


K 


F., - F 
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_ Fa 

~ K Jo 


F 


F — F 
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dV, 


K=^{Vo-V,-V^ log, 


where Fo is the original volume of the egg. 
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Table LI. Changes in volume of unfertilised eggs of 
Arbacia. (From Lillie.) 


Units of volume = = 

21-3; r^ = 40-4 

f M - T'o = 19-1 

t 



1 

Time in 


c* 

1 

o 

Jl 

h — ^ ^ eQ~ ^0 ' 

^ ^ eq"- t 1 

minutes in 

40 % sea water 

* t 

^ BQ ^ t 

1 

22-9 

1-1 

41 ■ 

2 

24-0 

1-2 

40 1 

3 

26*1 

1-4 

49 i 

4 

27-9 

1*6 

51 

5 

29-2 

1-7 

46 

6 

30-7 

1-9 

47 

7 

31-3 

2-1 

46 

8 

320 

2*3 

45 

9 

32-7 

2-5 

44 1 

10 

336 

2-8 

45 i 

11 

34-6 

3-3 

46 

12 
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3-8 

48 ! 

13 

35-S 

4-2 

48 

14 

36-3 

4*7 

40 
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Fig. 149. Graph showing the rate of swelling of unfertilised sea urchin eggs in 60 per 
cent, sea water at 24-8°. On the left side volumes are plotted against times. On tiie 

hght side log ^ is plotted against time. (From MeCutcheon and Liiche.) 
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Conversion of K into absolute units gives 

(-i). 

where C is the c.c. of water which will pass through one square 
centimetre of the egg surface 1 cm, thick in 1 hour under a pressure 
of 1 mm. Hg, S = surface area of the egg, Pq the osmotic constant 
of the outside solution, and h the thickness of the membrane 
(Northrop, 1927 c). 

Using equation (xvi) Northrop has calculated the value of Clhioi: 
Lillie’s data — see Table LII. 


Table LII. (From Northrop.) 


F, = 4-0x 10-’c.c.; F„ = 

S = 1-7 X 10-5 sq. cm. = 

2-1 X 10-7 e.c.; 

4*6 X 10-® mm. Hg 

Fertilised egg 

Artificially parthenogenetic eggs 


1 V X 10’ 
i c.c. 

i hours 

Km 

Cjh X 10® 

t hours 

Km 

C/h X 105 ! 

1 2*5 

0-0080 i 

12-9 

3-52 

0-0095 

10-9 

2-98 

2-7 

0-0130 ! 

12-7 

3-62 

0-0160 

10-3 

2-97 

! 2*9 ! 

0-0200 ' 

11-9 

3-57 

0-0240 

10-3 

2-97 

3-1 

0-0290 

11-2 

3-52 

0-0350 

9-3 

2-91 

j 3-5 

0-0550 

1 

10-5 

3-66 

0-0700 

8-4 

i 2-92 

1 


It will be noted that the values of Cjh are more uniform than is the 
value of the first order reaction constant {Km) as calculated from 
Lillie’s formula. 

If we assume that the rate of entry of water is proportional to the 
surface area of the cell and inversely proportional to the thickness 
of the surface membrane, and that at all times the volume of the 
membrane itself remains constant, then 


dV 

dt 


25C^F" 




or 

a 


25Pot 


1T5 log 


+ vj yi + 
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+ VBtan 


2Fi+ V,, 
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Northrop has calculated the value of the constant from Liicke 
and McCutcheon’s data; at 11° C. it has a value of 1-45 and at 
20 - 5 '’ C. it is 2-60. If the sea urchin’s egg is a perfect osmotic system 
as postulated by these analyses, the absolute value of the per- 
meability constant should be independent of the osmotic pressures 
used for changing the volume of the egg. Unfortunately this is not 
altogether the case. Liicke and McCutcheon’s constant varies verv 
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Fig, 150. Figure illustrating exosmosis of water from unfertilised eggs of Arbacia. 
The eggs were exposed to 60 per cent, sea water prior to placing them in normal sea 
water at 15° C. The curve shows the rate of loss of water on replacement in normal 

a 

sea water. The straight line shows the logarithm of — plotted against time, where 

a — X 

a is the initial volume and x the amount of water which has left the eggs at time t. 
(Prom McCutcheon and Liicke.) 


greatly with different concentrations of hypotonic sea water and 
even Northrop ’s more accurate formula breaks down when the 
concentration of sea water falls below 60 per cent. 

The value of Northrop ’s analysis does not lie in the ability of his 
equations to fit the observed data, but in the fact that it is an exact 
parallel to that applicable to the diffusion of water through an 
inanimate collodion sac (Northrop, 1927 a and b) and into particles of 
ionised gelatin (Northrop and Kunitz, 1927). We can therefore 



842 THE EQUILIBRIUM BETWEEN 

compare with, some degree of accuracy the relative permeability 
of living and non-living membranes: the value Cjh gives a basis 
of comparison. Northrop’s figures show that the membrane on 
the surface of a sea urchin’s egg is less than 1/lOOOth times as 
permeable as a collodion membrane of the same thickness. The 
apparent high degree of permeability is due of course to the extreme 
thinness of the egg membrane and the high ratio between surface 
and volume of the egg. 

Although the kinetics of swelling of an echinoderm egg and a 
particle of gelatin follow the same law, there is an essential difference 
in the way in which the driving force of osmosis is generated in the 
two cases. In the egg it is due to ions or molecules whose concen- 
trations are not altered by factors influencing the degree of ionisa- 
tion of proteins; in gelatin on the other hand the osmotic pressure 
is largely due to protein systems. The facts show that once an osmo- 
tic gradient is set up between the interior of an egg or of a particle 
of gelatin, the equilibrium volume is reached by a flow of water 
which obeys the same laws in the two eases. 

It may well be that different types of cell may generate their 
osmotic pressures in different ways. Liicke and McCutcheon’s (1926) 
data indicate quite clearly that the volume of echinoderm eggs does 
not fluctuate ■with changes in the of the medium or of the cell 
interior. Red blood corpuscles, however, behave differently and in 
this case it looks as though ionised proteins are responsible for a 
measurable amount of internal osmotic pressure within the cell (see 
p. 362). 

Before leaving the problem of the osmotic equilibria of animal 
cells two points should be noticed, (i) In all available analyses the 
cohesive properties and elasticity of the cell surface have been 
ignored, (ii) The kinetics of swelling exhibit a very high temperature 
coefficient (p, = 16,000, McCutcheon and Liicke, 1926). (iii) The 
equilibria reached in solutions of different osmotic pressures show 
considerable deviations from the gas laws, although the rate at 
Avhich the equilibria are reached are explicable without serious de- 
viation from these laws. These three facts arouse the suspicion that 
there may be other factors involved in addition to those incorporated 
into Northrop’s analysis and which under certain circumstances 
might seriously invalidate the equations of swelling. 
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Secretion of water 

If the surface of a cell may be regarded as a simple semipermeable 
membrane then, on interposing a layer of cells between two solu- 
tions of the same solute in different concentrations, water should 
invariably pass from the dilute solution into the concentrated 
solution, and the rate of transference should be determined by the 
factors considered by Northrop. It seems clear, however, that there 
are outstanding deviations to this rule. Reid (1890) showed that 
the ability of water to pass through the skin of a frog does not 
simply depend upon the difference in the osmotic pressures of the 
solutions with which the skin is in contact. When a frog’s skin was 
bathed in normal Ringer solution on both sides, and 5 per cent, 
glucose was added to the solution in contact with the morpho- 
logically inner surface of the skin, 1-83 cubic mm. of solution passed 
through each square millimetre of the skin in 24 hours: when, 
however, the same concentration of glucose was in contact with the 
outer surface of the skin only 0*83 cubic mm. of fluid passed to the 
inner side. There thus appears to be a difference in the rate at which 
water will pass under an osmotic force from one side of the skin to 
the other. This difference is largely a specific property of the healthy 
living skin, for it is sensitive to the presence of anaesthetics and to 
those irreversible changes which accompany the death of the cells. 
Reid concluded that the living skin is able to absorb water from its 
outer surface and to secrete it on its inner surface, much as a gland 
cell will secrete fluid at one pole. If therefore an osmotic gradient is 
established between the two surfaces, the rate of water passing 
through the skin will depend upon whether the direction of osmotic 
flow is with or against the flow of water produced by the processes 
of active secretion. The polarisation of the frog’s skin in respect to 
water transference has been confirmed by Maxwell (1913) and by 
Adolph (1925 a). Under normal conditions a frog’s skin appears to be 
in osmotic equilibrium when lymph or Ringer is in contact with the 
inner side and with tap water on the outer side. Adolph found, 
however, that little or no disturbance in the distribution of water 
occurred if the tap water on the outside was replaced by Ringer, and 
concluded that as long as Ringer solution was on the inside of the 
skin the outer solution could be varied considerably without in- 
creasing or decreasing the rate at w^hich water passed through. 
When, however, tap water is placed in contact with the inner surface. 
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water will pass out to all solutions except tap water. Adolph con- 
cluded that under normal conditions, i.e. with lymph on the inside 
and water on the outside, the natural tendency for the water to pass 
inwards was opposed by forces in the skin which worked in the 
opposite direction, i.e. a force which tends to pump water toward 
the outer surface. Some of Adolph’s results are difficult to harmonise 
with those of Reid and of Maxwell, for both these authors observed 
an active pumping of water from the outside inwards. Putting 
these discrepancies on one side, it seems doubtful whether the 
passage of water across a frog’s skin can be accounted for by normal 
osmotic gradients. The question arises, what is the nature of the 
forces producing anomalous osmosis? Reid attributed these forces 
to the active metabolism of the living cells. Adolph goes further and 
suggests that the forces are electrostatic in nature, since the skin is 
electrically polarised (Hashida, 1922) and the direction of flow of 
water tends to be in the direction of the negative side of the skin. On 
this view the anomalous behaviour of the frog’s skin is attributed to 
those forces which appear to be concerned with anomalous osmosis 
through inanimate charged membranes, where the flow of water is 
always towards the negative side ; this indicates that the water is 
itself positively charged. 

It is important to bear in mind two points, (i) Within physico-chemical 
systems anomalous osmosis has only been observed in dilute solutions 
and where the membrane has been exposed to polyvalent ions ; in more 
concentrated solutions anomalous osmosis becomes negligible, (ii) The 
theory of anomalous osmosis is by no means clearly defined. If water is 
to pass continuously from a stronger solution to a weaker, the membrane 
must be doing work; precisely how a collodion membrane coated mth 
protein does this work is not too clear (see Freundlich, 1926); the fact 
remains that anomalous osmosis occurs. We are apparently dealing with 
two distinct sources of potential: there is the p.d. between the two sides 
of the membrane, and the p.d. between the surface of the pores in the 
membrane and the fluid flowing through the pores. If the positively 
charged water moves in the direction of the negative side of the membrane, 
the membrane potential will fall unless a current of electricity is flowing 
from one side of the membrane to the other. Until the whole situation is 
considerably clearer it seems a little risky to assume that the behaviour 
of the frog’s skin justifies a very close parallel. Since living frogs’ skins 
behave differently to dead skins, it seems certain that the energy ex- 
pended by the living skin is not derived from the same source as that 
which produces anomalous diffusion through a collodion protein mem- 
brane (Adolph). In this respect it becomes of importance to know just 
how far a system Ringer/skin/Ringer is capable of transporting water 
continuously from one side to the other. 
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111 all cases of anomalous diffusion there must be a difference in 
the concentration of ions on the two sides of the charged membrane. 
According to Adolph no water passes through a living frog’s skin 

unless there is a difference in ionic concentration on the two sides 

but this disagrees with Reid’s data where, with Ringer on both 
sides, water passed to a sugar solution more easily in one direction 
than another: it is difficult to see why a non-electrolyte should 
affect the membrane potential or why there should be a membrane 
potential in the system Ringer/skin/Ringer, if the potential is solely 
dependent on a difference in concentration of ions on the two sides 
(see however p. 395). The only conclusion available seems to be that, 
by active metabolism, the skin performs work in driving water 
through the skin — and that it can do this more readily in one direc- 
tion than in another. It would seem that the subject would prove 
to be a fruitful line of research — ^for if the skin is expending energy 
for the maintenance of an anomalous distribution of water, the 
permeability of the skin might change in the absence of Oo, and 
transport of water might continue irrespective of a difference in 
concentration of ions on the two sides of the membrane. Anomalous 
diffusion is not restricted to the frog’s skin, it occurs to a marked 
degree in the gut and the kidney^. It would be beyond the scope of 
this book to consider these tissues in any detail : a useful summary of 
the facts of intestinal absorption is provided by Goldschmidt (1921). 
It seems clear that both the gut wall and the kidney can effect a 
transference of water from a hypertonic solution to one which is more 
dilute, and as in the case of the frog’s skin there are two possibilities : 
(i) the transfer is effected by an active metabolic process of secretion 
in which the requisite energy is derived from the chemical energy 
within the cells, or (ii) the energy is derived from (a) an electrostatic 
source which itself depends on a difference of ions on the two sides 
of the membrane or (6) a difference in hydrostatic pressure. 

It should be noted that although these latter considerations 
modify to some extent the applicability of the conclusions reached 
by Liicke and McCutcheon and by Northrop they do not invalidate 
them. Other things being equal, the rate at which a cell will come 
into osmotic equilibrium with a surrounding medium will depend 
on the net value of the differences in osmotic pressure on the two 
sides. As long as the vital or electrostatic forces remain constant, 
the curves which illustrate the rate at which equilibrium is reached 

^ For a recent account of the roles played by the skin and by the kidneys 
in maintaining the water content of Amphibia, see Adolph (1930). 
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will always be of the same type; it is only the final equilibrium value 
which will be affected, and this may account for the discrepancy 
found between the observed equilibria with those calculated for 
solutions of varying concentrations. 
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CHAPTER fourteen 


The Permeability of the Cell Surface 

Th e rate at Avhieh particular substances pass between the interior 
of a living cell and its external environment is usually known as the 
permeability of the cell to those substances. Since an adequate 
knowledge of cell permeability is perhaps one of the most funda- 
mental needs of cell physiology, it is desirable to eliminate, as far as 
possible, all ambiguity from the terms employed. The ‘permeability 
of a cell in respect to a given substance’ is, in itself, a meaningless 
e.xpression; it acquires a meaning when the experimental conditions 
are rigidly defined. Thus, it is illegitimate to speak of the permea- 
bility of a sea urchin’s egg to water; it is only legitimate to speak of 
the amount of wmter which passes into a sea urchin’s egg over each 
square millimetre of surface in unit time from a knoAvn eiwironment 
whose osmotic pressure has a known value. The term ‘ permeability ’ 
involves, therefore, at least four attributes: (i) mass, (ii) area, 
(iii) time, (iv) concentration and specific nature of the eiwironment. 

There can be little doubt that it is the specific nature of the cell 
surface which enables a living cell to maintain within itself the 
equilibrium which is essential for life, and it is useful to remember 
thatweare here concerned with a mechanism which is as fundamental 
and as delicate as that of respiration or any other more obAiously 
Altai phenomenon. When we survey all the facts, AAm are driA'en to 
the conclusion that the power possessed by the surface of the cell to 
allow the passage of some substances and to prevent the passage of 
others is unique to the living state and is not shared by any inani- 
mate surface or membrane. The cell surface is, in fact, an integral 
part of the living cell; it may or may not be located within the 
tangible surface membranes which were considered in a preAuous 
chapter (see p. 102). 

The data which have been accumulated Avithin recent years are 
too extensive to submit to reasonably short analysis, but certain 
outstanding facts are available, and they must be enumerated before 
any attempt can be made to frame a reasonable hypothesis con- 
cerning the structure of cell surfaces. 
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Permeability to non-electrolytic solutes 

As long as disturbing factors are absent it is reasonable to look 
upon a membrane, living or otherwise, as a sieve through whose 
Zxes a substance can pass as long as the diameter of its molecule 
is not larger than that of the largest pore. This theory in fact 
applies to various types of inanimate membranes, since Blitz (1910) 
Avas able to show that a particular type of collodion membrane would 
readilv permit the passage of all dyes whose molecules did not con- 
tain more than about forty-five atoms, whereas dyes with larger 
molecules only penetrated with much greater difficulty. Presumably 
only a limited number of pores were large enough to permit the 
passage of the larger molecules. Similar results have been obtained 
by Collander (1924), using copper ferrocyanide membranes as Avell 
as those of collodion. 

Table LIII. Permeability of collodion membranes to crystalloids. 

(After Collander.) 


Substance 

Molecular 

diameter 

Relative 

permeability 

Ammonia 

Formic acid 

Lactic acid 

Malic acid 

Methyl-etliyl-molonic acid 

Citric acid 

Cane sugar 

5*78 

8-57 

19-19 

25-27 

32-98 

36-04 

70-35 

100 

86-4 

30-3 

18-2 

11-7 

6-0 

1-6 


Clearly anything which tends to clog the pores in a membrane or 
which tends to enlarge them by effecting a shrinkage of the mem- 
brane Avill affect the permeability in respect to molecules or ions of 
a critical size. Thus Brown (1915, 1917) was able to alter the per- 
meability of collodion membranes by treatment with a dehydrating 
agent such as alcohol, and more recently v. Risse (1926 b) and 
Anselmino (1927) have shown that the pores of a gelatin membrane 
are altered in diameter by the variation in the degree of swelling of 
the gelatin which attends a departure from the isoelectric pomt. 

It may be doubted how far pore size is the sole factor whick 
controls the permeability of the cell surface to non-electrolytes and, 
in any case, it is obvious that the sieve theory in its original form 
has to be substantiaUy modified; the living cell often exhibits a 
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relative impermeability to very small ions and yet is able to allow 
larger molecules to pass through fairly readily. Tinker (1916) esti- 
mated that the average pore diameter of a copper ferrocyanide 
membrane is 15-20 /x/x, whereas the average diameter of the sugar 
molecules to which it is impermeable is very much less (100 times 
less). Either the molecules must be hydrated or the pores must be 
clogged in some way. The significance of these facts will be con- 
sidered later, but at the moment we may consider the cell surface 
simply as a sieve-like structure, through the pores of which water 
can pass with greater freedom than can the molecules of most non- 
electrolytes. 

Since living cells alter their water content in response to altera- 
tions in the osmotic pressure of their surrounding media (see Chap- 
ter XIII), it follows that the cells must be relatively impermeable 
to those substances in the media which are exerting the osmotic 
pressure. It must be remembered, however, that most plasmol\i:ic 
experiments are of short duration, and the water gained or lost by 
a cell is measured as soon as the volume or weight of the cell no 
longer exhibits any change in a given solution. Such experiments do 
not prove that the cells are completely impermeable to salts or sugar, 
they only indicate that when the composition of the medium is 
changed the equilibrium in respect to water is established with 
much greater rapidity than is that of other substances. It is probable 
that salts and sugars can pass in and out of living cells with a speed 
which is of real biological significance, but which is negligibly slow 
when compared to the speed of movement of water. Complete 
impermeability to a given solute is probably a rare phenomenon, 
whereas low permeability is extremely common. If we wish to 
follow the diffusion of a slowly permeable substance into the cell, we 
must, therefore, either expose the cell to a relatively high concen- 
tration of the solute, or to a lower concentration for a long period of 
time. Unfortunately experiments of both types are liable to be 
misinterpreted, for in both cases there is grave danger of injury to 
the cell and, as we have already seen, this leads to a disorganisation 
of osmotic relationships. 

If the cell surface is to be regarded as an imperfect osmotic mem- 
brane, and the cell is immersed in a hypertonic or hypotonic solution 
of a given solute, the loss or uptake of water will be less than if the 
surface were completely impermeable. The difference between the 
theoretical and the observed volume of the cell when the maximum 
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change in volume has occurred will depend on two factors : (i) the rela- 
tive value of the coefficient of permeability of the solute in the cells (or 
in the medium) to that of water, (ii) the rate at which the equilibrium 
volumes are reached. If we plasmolyse a cell rapidly, the minimum 
volume observed will be very close to that recorded by a perfect 
osmotic system ; if, on the other hand, plasmolysis occurs slowly, the 
difference bet^veen observed and theoretical volume will be greater. 
If an experiment could be carried on long enough, then equilibrium 
would be reached wdien the volume of the cell had returned to the 
normal value which it possessed at the beginning of the whole 
experiment. Phenomena of this type are well known in the case of 
plant cells, although in many cases the secondary uptake of water 
from hypertonic solutions is due to an irreversible injury of the cells 
concerned. As far as is known, the rate of penetration of a solute 
into animal cells has, so far, not been estimated by the rate at which 
plasmolysis is reversed, but the method was applied by Lepeschkin 
(1908) to plant cells (see Stiles, 1924, p. 178). The water content of 
Spirogyra ceils was reduced by plasmolysis with a solution of sucrose, 
a substance which penetrates with extreme slowness. The cells w^ere 
then transferred to an isotonic solution of glycerol whose per- 
meability it was desired to measure. As the glycerol entered, the 
volume of the cell vacuole increased, and this volume was measured 
after J hour and 2| hours respectively. The difference between these 
tw^o volumes gave the volume of glycerol solution which had entered, 
and since the concentration was known, it is possible to calculate 
the number of gram molecules entering per hour; by using suitable 
units of concentration and of cell surface, Lepeschkin estimated that 
67-183 X 10“^ gram molecules of glycerol penetrated through each 
square centimetre of cell surface per hour. More recently both 
Fitting (1915) and Hofler (1918 a, b, 1919) have estimated the rate 
of penetration of solutes into plant cells by measuring the rate of 
de-plasmolysis. As already pointed out, it is essential in such 
experiments to guard against the danger of irreversible injury to 
the cells concerned. 

In animal cells the permeability of a given solute has seldom been 
stated in any precise manner. As a rule a substance is regarded as 
‘permeable’ if, witMn a reasonable time, its presence can be de- 
tected inside a cell which has been exposed to a solution containing 
the solute : if the solute cannot be detected in this way, it is often 
regarded as ‘relatively impermeable’. It must be remembered, 
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however, that if the amount of solute passing into a cell by diffusion 
is proportional to the difference in concentration inside the cell and 
in the medium, then the rate of penetration will be affected by any 
process which tends to immobilise the solute within the cell!^ This 
factor probably plays some part in the case of some acid dyes 
(Ruhland, 1908-1914). A dye which is readily adsorbed to intra- 
cellular surfaces will accumulate in a cell more rapidly than one 
which is not so absorbed, although the coefficient of permeability of 
the two may be the same. 

The permeability of living cells to non-electrolytic substances w^as 
extensively investigated by Overton (1895-1900), and his results 
have been admirably summarised by Jacobs (1924). The ability of 
an organic molecule to enter a cell appears to depend on whether it 
is polarised or non-polarised. A non-polar molecule has a structure 
wherein the electrons are shared by the atoms concerned in such a 
way as to eliminate intramolecular regions of dissimilar electrical 
charge. Polar molecules on the other hand possess a distribution of 
electrons such as will cause marked electrical dissimilarity in 
different regions of the molecule. The non-polar molecules tend to be 
more soluble in organic solvents, they do not ionise and are relatively 
inert: polar molecules tend to dissolve more readily in water, they 
ionise, and are chemically active. Roughly speaking, non-polar 
molecules enter living cells very readily: thus the hydrocarbons, 
acetylene, benzene, xylene, naphthalene were found to penetrate the 
cell by Overton. If, however, more than one polar group (e.g. OH; 
COOH; NHg) is present in a hydrocarbon molecule, the rate of 
penetration into the cell is very greatly reduced. Thus ethyl alcohol 
contains no polar group and enters the cell very readily, ethylene 
glycol will cause temporary plasmolysis, glycerol effects de-plas- 
molysis very much more slowly, whilst the tetrahydric alcohol, 
erythritol, is even less able to penetrate the cell (Jacobs, p. 115). 
Jacobs points out that almost all Overton’s results conform to the 
rule that the ability of any given organic compound to enter a living 
cell is increased by reducing the number of polar groups 'within the 
molecule, and is decreased by increasing the number of these groups. 

From a physiological point of view the most important organic 
solutes are the sugars and the amino acids. Both these substances, 
as we might expect from their chemical constitution, appear to enter 
with very great difficulty, and yet it is quite certain that they nor- 
mally enter in sufficient quantities to provide for the maintenance of 
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life. How far the failure to detect their entry under experimental 
conditions is due to the extreme slowness at which they enter, or 
how far the normal process of penetration is essentially inhibited 
by the experimental procedures hitherto adopted remains obscure. 

As in the case of water, so we must consider the possibility of an 
active secretory mechanism capable of maintaining a difference in 
the distribution of a solute on the two sides of the cell surface. 
Apparently little evidence is available in respect to non-electrolytes, 
although it is probable that the walls of the gut and the cells of the 
kidney are capable of transporting non-electrolytes by forces other 
than those concerned in normal diffusion gradients. There is also the 
related problem of an ' irreciprocal’ permeability to such substances 
recently investigated by Wertheimer (1923—4). 

Permeability to electrolytes 

The relative impermeability of cells to such non-electrolytes as 
sugar might possibly be explained by the assumption that the cell 
surface is a porous structure and that most of the pores are not 
sufficiently large to allow the passage of comparatively large mole- 
cules. In the case of electrolytes, however, this simple hypothesis 
does not cover the facts, since it will be shown that very often a 
molecule can pass in or out of a cell, whereas its constituent ions are 
unable to do so. Osterhout (1925) has recently shown that molecules 
of sulphuretted hydrogen can pass into plant cells with much greater 
rapidity than either the hydrogen ions or sulphide ions. This im- 
portant fact was established by exposing Valonia cells to sea water 
containing a constant total amount of H 2 S at different pH. At about 
pH 5 practically the wffiole of the HgS was undissociated; at pH 10 
it was all ionised as H* and HS'. It was found that the total amount 
of HgS present in the sap was strictly proportional to the amount of 
ionised HgS present in the external sea water (see fig. 151). 

Similarly, w’-hen the total amount of undissociated HgS in the sea 
ivater remained constant, the total sulphide in the sap was inde- 
pendent of pH changes in the external solution. 

Essentially similar results Were obtained by Osterhout and Dorcas 
(1925) using COg (fig. 152) , and it seems quite clear that little or no COg 
enters or leaves living ceils of Valonia except in the form of undis- 
sociated carbonic acid (see also Jacques and Osterhout, 1930). It seems 
probable that all feebly ionised acids may behave in this manner and 
that the ability of undissociated molecules of electrolytes to pene- 
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trate living cells may be fairly widely spread. Miss Irwin (1926 c) 
has shown that the rate of penetration of cresyl blue into the vacuole 
of Niiella is proportional to the concentration of undissociated mole- 
cules of the dye in the external solution (see also p. 378). There is, 
however, an important difference between the process of penetration 
by cresyl blue and by CO 2 . In the latter case the temperature 
coefficient suggests that diffusion is the essential factor concerned 
(Osterhout and Dorcas, 1925), whereas in the case of the dye the 


HgS 



Fig. 151. Curve showing the relation between the total amount of intracellular HoS 
and the pH of an external medium containing sulphides. (From Osterhout, 1925.) 
The figure shows that the total sulphide in the sap of Valonia corresponds with 
the undissociated H^S in the external solution. The concentration of total sulphide 
(H 2 S 4- HS' 4- S") in the sap (0) is expressed as a percentage of the total sulphide 
in the outside solution. The values for the concentration of undissociated H^S in the 
sea water as calculated from the dissociation constant (H) and as determined from 
the vapour tension (A) and from the rate of evaporation (x ) at various pH values 
of the external solution are expressed as a percentage of the corresponding values in 
the range pH 1—3, where all the H^S is regarded as undissociated. 

temperature coefficient is surprisingly high, Qio == -^^*9 (Irwin, 1925 a), 
and suggests that the dye undergoes chemical combination as soon 
as it enters the cell. 

Just as the molecules of a weak acid appear to penetrate readily 
into a cell, so they will leave a cell with equal facility, and the facts 
which apply to acids apply equally well to alkalies. It is for this 
reason that incompletely ionised acids such as carbonic acid, and 
weakly ionised bases such as ammonia, have a more rapid and 
profound effect upon intracellular processes than an equal concen- 
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tration of strong acid or base; similarly a cell will rapidly recover 
from the effects of a weak acid or alkali, and take a longer time for 
recovery from the effects of the more completely ionised acids or 
alkalies (Gray, 1922). That weak acids and weak alkalies penetrate 
readily into living cells was demonstrated by Newton Harvey (1911) 
by staining cells with neutral red and exposing them to solutions 
containing the substance to be investigated. For example, the eggs 



T 7 V 1 rranh showing that the total CO^ in the cell sap of Vahnia corresponds 
the^^^^^^ H.CO^ (including CO,) in the sea water outside. 

Th^ total CO' in the sap (@) is expressed as a percentage of that m the sea -vrater 
Imside The pe^ calculated from 

thf^ssociaX constant is sho.vn by the symbol 0. The partial pressure of free CO, 
to toe sea water as determined by McClendon is shown by the s^bol /h Md is 
’n ttiA units shown to the ri<tht of the figure. The concentration of HgCO, 
S w^Wr" eSrS^ed S aTe«e of that found at pH 3 ( where H CO, is regarded 
as 4dissooiated),is shown by the symbol x . (From Osterhout and Dorcas, 192o.) 


of sea urchins when stained by the dye remain red even if there is 
sufficient hydroxyl ions in the surrounding sea water to cause rapid 
disintegration of the egg surface. If, however, the alkalmty ot 
normal sea water is only very slightly varied by the addition of 
ammonia, the eggs very rapidly turn yellow. On replacing the ceUs 
in normal sea water they rapidly regain their red colour (see also 
p. 85). This type of experiment illustrates two important facts, 
(i) Ammonia in some form or other is capable of entering into living 



PERMEABILITY OF THE CELL SURFACE 857 

cells, and when inside it dissociates to form free hydroxyl ions, 
(ii) That ammonia is capable of leaving the cell as readily as it enters' 
Similar facts can be demonstrated with acids. Strong acids only 
penetrate cells with difficulty, and having entered they only diffuse 
away with equal difficulty. Weak acids such as carbon dioxide or 
butyric acid enter cells with much greater freedom, and at the same 
time they can readily diffuse away. These facts suggest that alkalies 
and acids do not pass in and out of the living cell in the ionised con- 
dition but in the form of undissociated molecules. 

Permeability to ions 

Since nearly all living cells adjust their water content in response 
to changes in the osmotic pressure of an external medium containing 
variable concentrations of fully ionised electrolytes (see p. 328), it 
follows that the cells must be relatively impermeable to either 
cations or anions, or to both. That ions cannot pass freely into or out 
of a cell is directly associated with the fact that all living ceils are 
very poor conductors of electricity {Fundulm eggs. Brown (1905); 

Table LTV. Illustrating the relatively low conductivity of living 
blood corpuscles. (From Bugarszky and Tangl.) 


Species 

Relative conductivity of plasma 
and corpuscles 

Plasma (10^ A) 

Corpuscles (10^ A) 

Horse 

105 

1-63 

Dog 

113 

1-70 

Cat 

125 

2-20 


Table LV. Change in electrical resistance of Laminaria tissue on 
exposure to isotonic NaCl solutions. (From Osterhout, 1914.) 


Time 

(mins.) 

Resistance 

(ohms) 

0 

980 cells alive 

20 

745 

JS 

40 

590 

5? 

60 

495 

9J 

100 

395 

9J 

150 

345 

JJ 

200 

3201 

cells dead 

300 

320/ 

(resistance of sea water 320 ohms) 
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red blood-corpuscles, Stewart (1899); sea urchin eggs, McClendon 
(1910); Laminaria tissue, Osterhout (1922)). If both anions and 
cations were able to pass freely through a cell when exposed to an 
electric field, the conductivity would not differ greatly from that of 
the surrounding medium: as long as the cell is alive, however, the 
conductivity is low (Bugarszky and Tangl, 1897) and only rises to 
that of the surrounding medium when the cell dies (Osterhout, 1914; 
Shearer, 1919). 

The effect of death on the electrical conductivity of bacteria was 
inv'estigated by Shearer (1919), who found that when B. coli are exposed 
to isotonic NaCl solution the conductivity of a dense suspension rose from 
a comparatively low figure to that characteristic of the surrounding 
medium (see fig. 153). An exposure to such solutions of NaCl is fatal to 


Ohms 

resistance 



Fig. 153 . Graph showing the change in the resistance of bacteria 
in a solution of pure sodium chloride. (From Shearer.) 


the cells after two hours. These results confirm those of Osterhout, but 
according to Green and Larson (1922) and to Zoond (192T) the conduc- 
tmty of dead bacteria is no higher than that of the living cells, and 
the observed changes in the conductivity of a suspension are due to the 
exosmosis.. of salts from the cells. 
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Impermeability of the Cell Surface of Ions 

That the barrier to the passage of ions is confined to the periphery 
of the cell is proved by the work of Hober (1910-13) and later 
workers who have shown that the resistance to an electric current 
is limited to the surface layers of the cell only, and that ions can 
move with comparative freedom within the main body of the cell. 
The methods employed for these observations are complicated, but 
in view of the theoretical significance of the results it is desirable to 
give some indication of the principles involved, Hober’s (1910) first 
method was based on the principle that if an electrical conductor is 
interposed between the plates of a condenser, the capacity of the 
condenser is increased and a current is allowed to flow tliroiigh the 
circuit. By suspending red blood-corpuscles in isotonic sugar solu- 
tion and placing the suspension between the plates of a condenser, 
Hober found that the conductivity of the cells was equivalent to a 
0-1 or O-OlM solution of potassium chloride, a much higher value 
than that obtained when the conductivity was measured by the 
Kohlrausch bridge : further this high value was unaffected by laking 
the cells. By another method, based on the ability of the cells to 
damp the oscillations of a high frequency current, Hober (1912) 
estimated the internal conductivity of the cells as approximately 
equal to that of the external serum. Hober (1913) also found that 
the resistance of red blood-cells to the passage of a ciurent (im- 
pedance) decreased with a rise in the frequency of the alternating 
current which was employed and that at very high frequencies it fell 
to the low value characteristic of haemotysed cells when measured with 
low frequencies. Such changes in impedance might be expected to 
occur if the cell circuits were comparable to 
that shown in fig. 154, where C is a condenser, 
r is a resistance equivalent to the resistance 
of the cell surface, and i2 is a resistance com- 
parable to that of the cell interior. To the 
direct current the impedance of the whole 
circuit is r + R, but to currents of infinite 
frequency the impedance is jB. Thus using a variety of methods for 
the determination of R, Hober found that the internal conductivity 
of red blood-corpuscles was equivalent to that of a 0*4 per cent, 
solution of NaCl, whereas the conductivity of the whole cell was 
only equivalent to 0-02 per cent. NaCl. More recently Fricke and 
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Morse (1925) and McClendon (1926, 1927) have found that the 
resistance and the capacity of cell sus- I 

pensions are independent of the frequency 
of the current used as long as that fre- 
quency is low ; above a critical frequency 
(co) they both decrease — a result which 
confirms Hober's original observations. 

Fricke and Morse have shown that the 
resistance (Bco) to a current of a> frequency 
and the capacity satisfy the following 
equations : 

1 1 . JL/ 

Bi Vl 


Fig. 155. 




R^' R,\l+ C^^oi^R 






1 + 


where is the static capacity of the corpuscle, and where is the 
resistance of the external medium and Ri is the resistance of the 
interior of the cells; these equations can be derived from first 
principles if the living cell forms a circuit equivalent to fig. 155. 


Table LVI. Capacity and resistance of ox blood for varying 
frequencies. (From Fricke and Morse, 1925.) 


i 

1 

Cycles per second 

Capacity /x/xf 

i 

Resistance 

1 Obs. 

Calc. 

Obs. 

Calc. 

87-000 

146 

146 

191 

191 

833,000 

130 

135 

181 

183 

1-17 X 10® 

118 

126 ' 

174 * 

178 

1-52 

106 

115 

168 

172 

2-04 

90 

98 

159 

163 

3-04 1 

68 

71 

148 

151 

3-82 1 

60 

55 

144 

144 

4-52 

39 

43 

138 

140 

0-00 ^ 

— 

— 

(124) 

126 


The resistance to currents of infinite frequency can be calculated 
by extrapolation, and the value of R^ so obtained gives the resistance 
which would have obtained at low frequencies if the membranes of 
the cells were absent : 


I 


1 1 




PERMEABILITY OF THE CELL SURFACE 861 

From this the internal resistance can be calculated from an 
equation (see Fricke and Morse) which relates the resistance of the 
external fluid to that of the whole corpuscle for any given suspension. 
In this way Fricke and Morse concluded that the specific resistance 
of the inside of red blood-corpuscles was 3-5 times that of the specific 
resistance of serum. Cole (1928) by similar means found that the 
internal resistance of Arbacia eggs was 3-6 times that of normal 
sea water. 

From observations of the capacity (Cq) it is possible to determine 
the approximate thickness of the membrane which is opposing the 
migration of ions through the cell. Assuming a dielectric constant 
of 3 (= that of olive oil), Fricke (1925) estimates this thickness as 
3-3 X 10-’ cm., which is comparable to 20-30 carbon atoms and is 
therefore equivalent to a monomolecular layer of a serum protein 
molecule. Using somewhat analogous methods, McClendon (1926) 
estimated the thickness of the surface membrane at 2-3 carbon 
atoms only. 


675 ohms 



Fig. 156. 


McClendon’s (1926) conception of the red blood-corpuscle is illus- 
trated in fig. 156. 

The two surfaces of the cell membrane represent two plates of a 
condenser of 1500 micro-microfarads capacity: these are short cir- 
cuited by a parallel resistance of 675 ohms, indicating that the cell 
membrane represents a leaking condenser. The cell interior repre- 
sents a resistance of 400 olmis in parallel with the condenser. The 
resistance of the two very thin surface membranes is thus three times as 
great as that of the whole cell interior. We may therefore conclude 
that the barrier to the diffusion of ions is restricted to the surface 
layers of the red blood-cell and of sea urchin eggs, a conclusion which 
is in harmony with the conception of a peripheral semi-permeable 
membrane already reached from other data. The observations of 
electrical impedance do not, however, give us any information con- 
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cerning the nature of the ions to which the cell surface is imper- 
meable ; the impermeability may be in respect to cations or anions 
or both. 

PermeahilUy to Anions or Cations 

These facts must be considered with reference to others. If red 
blood-corpuscles are suspended in a solution of sodium chloride and 
CO 2 is blown through the suspension, the external medium becomes 
alkaline and at the same time the chlorine content of the cells 
increases. If instead of being suspended in sodium chloride, the cells 
are immersed in isotonic sugar solution, no alteration occurs in the 
alkalinity of the solution Avhen CO 2 is blown through. Hober (1922) 
interpreted these results as follows. Carbon dioxide passes into the 
cells in the form of undissociated molecules of carbonic acid, but 
thereupon ionises to form bicarbonate ions and hydrogen ions. The 
former are assumed to be capable of rapid diffusion from the cell, 
but for every bicarbonate ion leaving the cell a chlorine ion must 
enter. This explanation is based on the assumption that the cell is 
impermeable to cations. The equilibria reached by blood corpuscles 
suspended in media of varying composition have recently been dis- 
cussed in detail by van Slyke (1926), who has gathered together 
much evidence in support of the view that not only are the cells 
impermeable to metallic cations, but also that the composition and 
concentration of the intracellular anions (chiefly HCO 3 ' and CT) are 
determined by the concentration of the intracellular cations (chiefly 
potassium) and by the concentration of ionised protein (chiefly 
haemoglobin). The whole system conforms, in fact, to the require- 
ments of a modified Domian equilibrium and the distribution of 
electrolytes and water thereby also receives a quantitative explana- 
tion. The amount of wmter in the cells is determined by the number 
of intracellular ions and these are partly those of haemoglobin; it 
follows that, unlike other cell systems, any alteration in the pH of 
the external medium should induce an alteration in the volume of 
the cells. This is shown to be the case by the following observations 
of Warburg (1922) (Table LVII). 

The behaidour of red blood-corpuscles strongly suggests that 
their surface layers are impermeable to cations, but permeable to 
anions of the type of chlorine or bicarbonate. At the same time the 
evidence is far from complete. Hdber’s observations on the re- 
distribution of hydrogen ions can receive an equally convincing ex- 
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planation without postulating a permeability to anions. If blood 
cells are exposed to an electric field they will pass to the positive 
pole which would be the case if they were normally surrounded by 
a layer of cations. In solutions of sodium chloride these cations wUl 
be sodium, but in the presence of hydrogen ions (from the CO, in 
the medium) there may well be an interchange of Na' and H', w'hieh 
will increase the alkalinity of the external medium. That other types 
of cell (e.g. trout eggs) actually exhibit such surface reactions with 
hydrogen ions there can be no doubt (Gray, 1920), but it may be 


Table LVII 


pn 

Volume of blood cells in per- 
centage of their volume at pH. 6*5 

Obs. 

Calc. 

6*50 

1000 

100 

6-80 

95-2 

96 

700 

92-7 

93 

7-20 

90-7 

91 

7*40 

89-1 

88 

7*60 

87-8 

85 

7-80 

86-3 

81 i 


Table LVIII 


Tissue 

% 

water 

(W) 

%C1 

(c) 

pH 

(calc.) 

pH (obs.) 

P.D. 

(calc.) 

P.D. 

(obs.) 

1 . 

a 

Red blood-corpuscles 

63-6 

0-178 

7-17 

7-23 

14-2 

— 

0-59 i 

Brain (white matter) 

70*0 

0-155 

7-06 


20-7 

17-28 

0-45 : 

Brain (grey matter) 

81*5 

0-115 

6-87 


32-7 

— 

0-30 i 

Smooth muscle 

80-0 

0-112 

6-87 

6-40-7-04 1 

32-9 

; 

0-29 : 

Liver 

84*0 

0-096 

6-78 


38-3 

— 

0-24 i 

Striped muscle 

76*0 

0-061 

6-62 

6-02-6-91 : 

47-8 

40-80 

0-168, 


that different types of cell behave in a different manner. Hober’s 
h5rpothesis has been criticised by Rohonyi and Lorant (1916), since 
these authors report that the anionic exchange between the cor- 
puscles and external medium is not dependent on the integrity of 
the cell membrane. 

It is interesting, however, to note that if van Slyke’s analysis can 
be applied to mammalian cells in general a reasonable explanation is 
forthcoming for the potential differences which exist between the 
interior and exterior of different types of living cells (Haldane, 1925). 
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Haldane’s calculations are based on four main assumptions : (i) the cell 
surface is permeable to water, (ii) it is impermeable to all cations, (iii) it is 
permeable to Cl' and HCO3' and that these are the only inorganic anions 
present in significant quantities, (iv) it is impermeable to colloids. 

If a be the molar concentration of salt outside the cell, and y be 
the molar concentration of anions inside the cell, then the potential 

JRT a 

difference across the ceil surface (E) is ^ log^ - volts, so that at 38° C. 

E = 0-0617 logio - volts. But y can be calculated from the percentage 

of water in the cell {w) and from the percentage of chlorine content (c) • 
Cl' -i- HCO ' ^ ’ 

if the ratio of - — — -{= 1-23) holds for all tissues and if for isotonic 

saline a is equal to 0-170, then log^o - = log^o w - log^g c - 2-32. 

y 

But the cK inside the cell is to that outside as a is to y, therefore 
pH of the tissue == pH of the medium - log^o + log^o c -4- 2-32, and 
the injury potential = 61-7 [logjo^xi — log^^ c - 2-32] millivolts. 

It is, however, very difficult to believe that all cells are completely 
impermeable to cations, for under these circumstances such ions 
could only exert an effect on the cells by operating on their surface. 
As mentioned elsewhere, most cells respond actively and rapidly to 
any serious change in their cationic environment. For example, the 
heart is markedly affected by the ions of hydrogen, potassium, and 
calcium and if these ions cannot enter the cell they must operate 
solely at the surface of the tissue. If a heart is perfused with an acid 
Ringer solution it tends to stop beating in the relaxed condition, 
and if the excess of hydrogen ions are removed the beat is resumed. 
If the acid acts solely on the surface of the cells, one would expect 
to find that the efficiency of any particular solution would depend 
solely on the pH of the perfusion fluid and would not be increased if 
for any reason the acid were able to penetrate into the cells. This, 
however, is not the case. Philippson (1913) showed that the physio- 
logical action of an acid which can be shown to penetrate rapidly 
into the cells is higher than that of an acid which penetrates more 
slowly, although the pH of both perfusion fluids is the same. Similar 
facts apply to other tissues, e.g. ciliated cells (Gray, 1922); further, 
the respiration of cells is much more powerfully reduced by the 
penetration of acids into the cells than by the application of acids 
to their surface (Gray, 1924). 

Again, if the physiological action of hydrogen ions is solely due to 
the changes they induce at the surfaces of cells, then these changes 
should be readily reversible by the addition of hydroxyl ions to the 
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external medium. It is, however, found that the effects of h3^drogen 
ions are much more readily reversible by the addition of hydroxyl 
ions to the cell interior than by their addition to the external 
medium. A concrete case is provided by ciliated cells. If such cells 
are stained with neutral red it can be shown that they resemble 
many others in that ammonia is capable of producing rapid changes 
in the alkalinity of the cell interior, w^hereas this cannot be effected 
diudng life by adding sodium hydroxide to the external medium. 
Yet, if ciliated cells are rendered inactive by the presence of hydrogen 
ions in the external fluid, the cells are much more readily activated 
by ammonia than by sodium hydroxide (Gray, 1922). Similarly, al- 
though the length of time that the cilia of Mytilus wdll beat in 
acidified sea water depends to some extent on the pH, it depends to 
a larger extent on the carbon dioxide tension of the external medium 
(Haywood, 1925). 

These and other facts seem to suggest that the impermeability 
of the cell surface to cations as exemplified by mammalian red blood- 
corpuscles cannot readily be extended to other types of tissue. 

Permeability to specific ions 

So far we have not attempted to consider in any detail the specific 
relationship between any given ion and its power of penetrating the 
plasma membrane. To embark on this problem would be a formidable 
undertaking. In dealing with non-electrolytes many of the facts 
seem to harmonise with the view that there is a definite relationship 
between the size of a molecule and the ease with which it can pene- 
trate certain types of membrane: the smaller the molecule the 
higher is the percentage of pores through which the former can pass. 
If we attempt to estimate the average pore size of living cells by 
noting the size of a non-electrolydic molecule which will pass in 
fairly freely, we must conclude that all the pores are probably 
of much wider diameter than that of the average electrolytic ion. 
In order to retain the sieve theory it is necessary to postulate a 
mechanical or forcible blocking of these pores. Various possibilities 
appear to exist. The pores may be partially blocked by an adsorbed 
film of water, or the walls of the pores may offer an electrostatic 
opposition to ions of opposite sign, or the size of the pores may be 
affected by adsorption of water by the membrane. These problems 
belong at the moment to the realm of physical chemistry (see also 
p. 397). In the present discussion it is desirable to emphasise a fact 
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which is often overlooked in drawing conclusions from physical 
analogies. In the cell we- are dealing with a mechanism which can 
establish a definite equilibrium between the interior of the cell and 
its external medium. When a blood corpuscle is immersed in normal 
serum, or when VoloTtza is in sea water, we must assume that there 
is strict chemical equilibrium between the amount of potassium 
inside the cells and the amount in the external sea water. By 
postulating a membrane which is only very slightly permeable to 
potassium, we cannot reach a state of equilibrium comparable to 
that of the normal cell, where the concentration of potassium is 
much higher than that of the external medium. A physical mem- 
brane may alter the rate at which equilibrium is effected after a 
change occurs in the solutions on its two sides, but it cannot 
except in so far as it is absolutely impermeable to some active ion 

waiter the final equilibrium position. It is therefore necessary to 

^a,r in mind two concepts: (i) the mechanism responsible for the 
Kiblish^ent of an equilibrium condition between the concentra- 
mlA of a specific ion inside the cell and in its normal external medium, 
rMthe mechanism which comes into play when any disturbance 
this equilibrium takes place. Once again we have to consider 
flw far the normal concentration of an ion inside a cell is main- 
jBhed by the active processes going on in the cell— which processes 
Ky be comparable to those which are obviously operative in the 
Ktebrate kidney — or how far the concentration in the cell is deter- 
Bdned by a relatively simple concentration equilibrium on the two 
■des of the cell membrane. 

I It is convenient to start from an equilibrium concerning which 
Biere is seldom any doubt — ^viz. the equilibrium which exists between 
Ke concentration of a given ion inside the cell with its concentration 
E the normal environment in which the cell lives. In nearly every 
Ese the observed ratios indicate that free diffusion of potassium 
Kns does not occur between the cell and its medium; at the same 
Erne the equilibrium position is seldom the same for any two given 
Epes of cell — even where the environment is identical. A well- 
Enown example (see Table LIX) is provided by red blood-corpuscles 
lAbderhalden, 1898). An even more startling example is that given 
l»y Cooper and Blinks (1928) for Valonia and Halieystis (fig. 157). 
E'er any given ion, therefore, there may be marked differences in the 
Equilibrium concentration in different although allied types of cell. 
p± first sight, the heaping up of an ion inside a cell might be due in 
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part to its immobilisation within the cell (see p. 373), but this cannot 
be true for metallic ions such as sodium or potassium, for the con- 
ductivity of the cell interior is such that most of the electrolj-tes 
must be freely ionised. 



Pig. 157 . Chart showing the molar concentration, expressed as per cent, of halide, 
of the chief elements in the saps of Valonia ventricosa, F. macrophysa, and Halicystis 
compared with sea water. (From Cooper and Blinks.) 

If the sieve theory is to cover facts of this type, it must be capable 
of applying an effective block to one type of cation and not to 
another. In this connection the recent work of Michaelis and his 
collaborators (1926) is of interest, since it shows that membranes of 
a specific type may exert a marked effect on the relative rates of 
diffusion of different ions, e.g. potassium and sodimn. Michaelis’ 
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membranes do not account, however, for a state of equilibrium 
“oCarable to that shovm hr Tables LIX and LX. It will be 
noted that the cell selects not only one cation in preference to 
another but also one anion in preference to other anions; for ex- 
ample many marine cells have a very high content of phosphate 
ions although the concentration in sea water is extremely low. The 
only conclusion which can be drawn at present is that the cell mem- 
brane must be saturated with each ion independently or that the 
permeability of the membrane in the two directions must be different. 

Table LIX 


! 

. Horse ! 

Pig 

Dog 

Cat 

Parts 
per 1000 

Serum 

Cor- i 
puscles 

Serum 

Cor- 

puscles 

Serum 

Cor- 1 
puscles 

Serum 

i 

Cor- 

puscles 

Sodium 

4-396 

— 

1 4-251 

— 

4-278 

2-839 

1 4-439 

2-705 

Potassium 

0-259 

4-130 



0-270 

4-957 

0-245 

0-273 

0-262 

0-258 


Table LX 


Molar concentra- 
tion of sap as per- 
centage of halide 

Sea water 
(Bermuda) 

Ilalicystis 

Valonia 

macropkysa 

Cl and Br 

K 

Na 

Ca 

Mg 

S64 

100-00 

2-15 

85-87 

2-05 

9-74 

6-26 

100-00 

2-58 

92-80 

1- 36 

2- 49 

(Trace?) 

100-00 

86-24 

15-08 

0-288 

(Trace?) 

(Trace?) 


It will also be noted that each type of ion must be considered as a 
separate entity and it is not permissible to speak of permeability to 
‘cations’ or to ‘anions’, we must consider each metal or radicle 
separately. It must be admitted that a consideration of the normal 
salt content of cells does not suggest any obvious mechanism where- 
by the equilibrium concentrations of intra- and extra-cellular 
electrolytes is established. That the equilibrium is probably of a 
dynamic nature is shown by the fact that growing cells maintam 
their normal electroljde concentration, so that the cell must be able 
to absorb electrolytes if the equilibrium is upset by active growth. 

Many attempts have been made to set up within the cell a new 
equilibrium in response to a change in the external environment. 
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Cells are placed in an environment differing quantitatively or quali- 
tatively from the normal, and changes in the electrolyte concentra- 
tion of the cell interior or of the environment are measured. As 
already pointed out, experiments of this type lead to definite results 
^vhen incompletely ionised electrolytes are employed and suggest 
that ions seldom enter the cell. There are, however, a number of 
observations which suggest that an ion in the external medium can 
in some cases be exchanged for another within the cell bearing the 
same charge. Hamburger (1909) reported an exchange of calcium 
and other ions across the membrane of the red-blood corpuscle, 
although in this case it is not certain that the exchange was not 
limited to the surface of the cell. On the other hand Osterhout 
(1909) demonstrated the penetration of Ca“ into the cells of the 
root-hairs of Dianthus, and M. M. Brooks (1922) has shown that Sr’* 
can penetrate into the sap of Nitella, Concerning anions, similar 
phenomena have been observed (Hdber, van Slyke). In nearly all 
experiments of this type there is always some doubt as to how far 
the phenomena observed are typical of the normal plasma mem- 
branes. This doubt is least obvious when dealing with the penetra- 
tion of hydrogen or hydroxyl ions, since the concentration of these 
ions can be measured with great accuracy within the limits capable 
of supporting life. We have already seen that the undissociated 
molecules of acids enter cells with greater readiness than their 
derivative ions : at the same time the hydrogen ion must penetrate 
to some extent. For example, if only undissociated carbonic acid 
penetrated from acid sea water, the effect on a cell ought to be 
independent of the and solely dependent on CO 2 tension, which 
is not the case (Haywood, 1925) . All the evidence suggests that when 
exposed to a strong acid, hydrogen ions are slowly set free inside the 
cell, and are slowly removed on returning the cells to their normal 
environment (Gray, 1922) and that corresponding phenomena are 
applicable to bases. Unfortunately most of the observations on the 
penetration of acids and bases into living cells (Harvey, 1911; 
Crozier, 1916 < 2 -c) have been performed with solutions of the same 
molecular strength and not with solutions of the same hydrogen ion 
concentration. It is possible that the penetration of molecules and 
of ions is controlled by two separate mechanisms. In the case of 
molecules we may be dealing with a true equilibrium between the 
concentration on the two sides of the plasma membrane, whereas 
the movement of ions may be restricted to a process of exchange, 
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whereby an ion of a given type can only enter if another bearing the 
same charge leaves the cell. That this does not always occur is shovii 
by the observations of Cooper, Dorcas and Osterhout (1928), who failed 
to note any rapid exchange of anions or cations by Valonia, althoucrh 
when the cells are growing the uptake of salts is measurable. Und^r 
favourable circumstances Valonia absorbs only 3 x lO-® oram 
molecules per hour per square centimetre, and this movement was 
against a concentration gradient of 40 : 1. 

There is so much evidence to show that the cell surface is not 
equally freely permeable to both anions and cations, that one tends 
to overlook the fact that nevertheless a growing cell must be in a 
position to abigorb both types. How far the recent work of Mond 
(1927) throws light on this difficulty remains to be seen. Mond has 
shown that if red blood-corpuscles are on the acid side of their iso- 
electric point their chlorine content goes up and their potassium 
content goes down, whilst on the alkaline side the relative concen- 
trations are reversed. This is interpreted by Mond to mean that the 
permeability of the membrane changes the isoelectric point: this 
may be true, but there is just the possibility that the observed 
changes are due directly to the amphoteric nature of the cell en- 
velope. It would be of interest to see whether there is any evidence 
of a fluctuating change in the pH of the cell interior during cell 
growth — but the experimental technique would not be easy. 

W e may conclude that, so far as is known, the living cell exerts 
a selective influence on the substances which it absorbs of a much 
more intricate nature than is at present capable of resolution into 
physico-chemical terms. It should not be forgotten that although 
the osmotic activity of the interior of a cell may, under certain cir- 
cumstances, be related to that of the external environment, yet the 
nature of the active molecules responsible may be qualitatively 
different on the two sides of the cell surface. 

Since fat-soluble substances appear to enter living cells more 
readily than substances which are not thus soluble (Overton, 
1895-1900; Meyer, 1899), it is possible that metallic ions enter 
the cell in the form of fat-soluble compounds. Little if any 
direct evidence is available, but there is definite evidence that 
metallic radicles move in this form from one part of the body to 
another. For example the crab, Carcinus moenas, calcifies its in- 
tegument, after moulting, by the liberation of calcium salts stored 
in the liver (Paul and Sharpe, 1916). The calcium is stored in the 



PERMEABILITY OF THE CELL SURFACE 3T1 

liver cells as calcium phosphate, but is set free into the blood as 
calcium formate and calcium butyrate; in this form it reaches the 
superficial ectoderm and is there converted into calcium carbonate. 
It is possible that a similar transformation from water-soluble to the 
fat-soluble condition occurs during the absorption of metallic com- 
pounds by the intestine of vertebrates. 

Permeability to dyes 

As pointed out by Jacobs (1924), dyes form a unique class of 
substances for the study of cell permeability. Their penetration can 
be readily observed and their physical and chemical properties are 
varied: dyes may be acidic or basic, colloidal or crystalloid, and 
soluble or insoluble in non-aqueous media. 


Table LXI 


Dye 

Basic or 
acidic 

Solubility in 
cholesterol 

Permeability 
of Ihing cells 

Methylene green 

Basic 

0 

+ + -r : 

Thionin 

5J 

0 

-t- -f ^ 

Malacite green 

,, 

0 

-r -r -r 

Bismarck brown 

93 

0 

+ -f -r 

Victoria blue 

99 

+ + + 

j 0 i 

Basle blue 

99 


1 ^ i 

Diazin green 

99 

+ ^ 


Victoria blue 

99 

-r -f -h 

4 - 1 

Cyanosin 

Acidic 

+ -f -1- 

0 ; 

Bengal rose 

jj 

+ + 

! 0(4-) : 

Oxamin maroon 

’’ ! 

+ -f 

0 


The first attempt to analyse the nature of the plasma membrane 
by measuring its permeability to dyes was made by Overton (1900). 
Using a number of anilin dyes of various types, he found that all 
those which entered living cells were absorbed by fat soluble sub- 
stances, and were also absorbed by lecithin and cholesterol. This 
result confirmed Overton in his conception of the plasma membrane 
as a fatty membrane or as one composed of substances allied to fats. 
From this point of view all substances soluble in fats should enter 
living cells, all substances not soluble in fats should be unable to 
enter. That this generalised statement is untrue became apparent 
when more dyes were investigated. Ruhland (1908-13) showed that 
there are a number of dyes (e.g. methylene green and thionin) which 
enter cells readily but which will not dissolve in cholesterol: simi- 
larly there are a number of ‘fat-soluble ’ dyes (cyanosin, Bengal rose) 
which will not enter the living cell (see Table LXI). 
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Similar exceptions to Overtoil’s rule were found by Hober (1909) 
and by Garnius (1912). Ruhland finally rejected Overton’s b}^o- 
tbesis and suggested that the essential factor which controls the rate 
of penetration of dyes is their coefficient of diffusion through a 
gelatinous matrix, which in turn depends upon the size of the mole- 
cules. Hober’s (1922) conclusions are somewhat different. He points 

out that the ability of dyes to enter a plant cell is often less than its 
abilit}^ to enter an animal cell, and that this is particularly obvious 
when the fat-soluble dye is in the colloidal state: it is therefore 
possible that the failure to enter the plant cell may be due to the 
inability of a molecular aggregate to penetrate the cellulose wall 
If this conclusion is justified, one grave objection to Overton’s 
hypothesis disappears, but it is still necessary to account for the 
fact that methylene green and thionin (both insoluble in lipoids) 
will enter both animal and plant cells. Hertz (1922) showed that 
the entrance of these dyes into Opalina is unaffected by the presence 
of anaesthetics, whereas the entrance of fat-soluble dyes was in- 
hibited. Hober, therefore, suggests that lipoid-soluble and non- 
lipoid-soluble dyes enter by a different route or by a different 
mechanism. Similarly Nierenstein (1920) found that an adequate 
correlation betw’een the ability of basic and acid djms to enter 
Paramecium and their partition coefficients between a fat-soluble 
substance and water only exists wffien the fat solvent (e.g. olive oil) 
contains both a base and an acid (e.g. diamylamine and oleic acid). 
So far as these facts can be summarised, they seem to suggest that 
most cell surfaces are permeable to those dyes which can either 
(i) dissolve in fats, or (ii) react with some constituent of the mem- 
brane, provided that in all cases the molecular aggregates of the 
dyes' are not beyond a certain maximum size (Hober and Kempner, 
1908; Hober and Chassin, 1908). 

It will be obvious that the ability of a cell to absorb a dye is not 
a measure of the ability of the dye to penetrate the plasma membrane. 
Unless a dye is accumulated by the cell it is by no means easy to 
determine whether it has entered the cell from a dilute solution or 
not; further, if a dye is accumulated in a non-diffusible state within 
the cell the effective concentration gradient across the plasma mem- 
brane will be maintained for a long time, whereas if the dye is not 
being so accumulated the gradient will fall rapidly as the dye enters. 
As a general rule, basic dyes are accumulated by cells, and in the 
case of plant cells Ruhland attributed this to a reaction with tannic 
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acid. The recent work of Miss Irwin (1922-8) has done much to clear 
up the situation in respect to one particular dye — ^viz. cresyl blue. 
In the first place, the dye clearly accumulates in the sap of vegetable 
cells— such as of VcUonia or Nitella. Miss Irmn (1925 b) has shown 
that cresyl blue in the form of the free base diffuses readily in and 
out (1926 b) of the sap of Nitella, and can therefore readily pass 
through the plasma membrane. When the dye is present as a salt, 
however, the rate of diffusion is extremely slow. Since the sap 
(pH 5-5) is normally more acid than sea water (pH 8-0), free base from 



Fig, 158. Curve showing the percentage of undissociated molecules of brilliant cresyl 
blue at different pH values. The ordinates represent the percentage and the abscissae 
the pH values. Symbol O represents the data from rates of penetration of the dye 
into Nitella. Symbol x represents the data from the distribution of the dye between 
chloroform and water. The curve as drawn represents the calculation made from the 
equation 

a = "^rr/ j where k = fFrom Irwin, 1926.) 

^ UH 

1 + 

the sea water passes into the cells and on reaching the vacuole is 
ionised and therefore removed from the sphere of outward diffusion. 
The amount of dye within the vacuole depends therefore on the 
concentration of free base in the surrounding sea water and on the 
pH of the sap (see fig. 158). The rate of penetration of the dye 
depends, however, on factors which affect the protoplasm of the 
cell — e.g. sodium ions (1926 d, 1927 a, h). The close parallel between 
the factors involved during the absorption of cresyl blue and those 
involved during the absorption of H 2 S or COg is obvious. 
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If dyes are only capable of penetrating in the form of the free 
base, it follows that dyes which can only exist as salts (over the 
range of pH compatible with life) should not enter living cells 
A strongly basic dye of this type is methylene blue. From a spectro- 
scopic analysis of the dye found in the sap of uninjured cells of 
Valonia Miss Irwin (1926 d) concludes that methylene blue does not 
accumulate as such, but only in the form of a less basic derivative 
trimethyl-thionin. This conclusion has, however, been criticised by 
M. M. Brooks (1927), who claims that methylene blue penetrates 
Valonia and Nitella as such. 

•In a recent paper. Miss Irwin (1928 b) has suggested a mechanism 
which might account for the observed distribution of a dye between 
an external medium of sea water and the sap of a vegetable cell 
The apparatus consists of a horizontal glass tube with three vertical 
arms. To the left arm is added a solution of the dye in sea water 
To the central arm is added chloroform (representing the non- 
aqueous layer of the living cell) until it fills the horizontal portions 
and the lower part of each upright tube. Upon the chloroform in 
the right arm is poured the sap, artificial or natural, from the living 
vacuole of Valonia. Each phase is kept stirred at a constant rate. 
Using cresyl blue, azure blue, basic fuchsin, toluidine blue and 
similar dyes, the dye collects in the ‘vacuole’ phase just as in the 
normal cell. Similarly dyes which do not collect in the vacuole of 
the normal cell are not absorbed by the ‘sap’ phase of the model. 
It is interesting to note that some dyes which are readily soluble in 
chloroform, e.g. crystal violet, do not penetrate into the ‘sap’ phase. 
Miss Irwin concludes that the accumulation of a dye in the ‘sap’ 
phase depends on the two partition coefficients, 

^ ^ concentration of dye in the non-aqueous phase 
concentration of dye in the external solution ' ’ 

_ concentration of dye i n the non-aqueous phase 
concentration of dye in the aqueous sap 

high the dye rapidly accumulates in the non-aqueous phase 
(chloroform or protoplasm) and if is low the dye will rapidly 
diffuse from the non-aqueous layer into the sap phase. By replacing 
the protoplasmic layer of Valonia by chloroform, an equilibrium in 
respect ■^o dyes essentially similar to that of the normal cell can be 
obtained (Irwin, 1928 b). It would appear, however, that during the 
process of penetration into the interior of the cell, the dye must take 
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part in a chemical change, otherwise it is difficult to account for the 
high temperature coefficient characteristic of the process (Irwin, 
1925 a). 

In other cases the absorption of dyes appears to be influenced by 
factors other than those controlling the degree of dissociation of the 
molecules. M. M. Brooks (1926) found that the rate of absorption 
of di-brom-phenol was markedly affected by light. Mond (1924) has 
recently reported a case of so-called 'irreciprocaU permeability of 
the gut wall to cyanin; how far this may prove to be explicable by 
Miss Irwin’s hypothesis remains obscure. 

In drawing comparisons between these results and those obtained 
with animal cells, it is advisable to remember that a large aqueous 
vacuole is not present in animal cells, and that the accumulation of 
a dye by a vegetable cell is no indication that it will also accumulate 
in an animal cell, although it is of interest to note that various 
authors claim that intra-vitam dyes accumulate in ‘vacuoles ’ of the 
animal cell. It is, however, probable that the surface layer of the 
animal cell is a separate phase from the cell interior, and since the 
latter is miscible with water, the whole system is not so radically 
different to that of plant cells as might appear to be the case at first 
sight. 

Methods of determining the permeability to solutes 

In addition to the methods already described, the permeability of 
a cell to solutes can be determined by a variety of methods. These 
have been summarised by Stiles (1924) and by Jacobs (1924), If a 
cell is exposed to the solute in question, its passage into the cell can 
be determined by an analysis of the cell contents or of the surround- 
ing medium. Thus Janse (1887) exposed Spirogyra cells to a solution 
of KNOg, and detected the passage of nitrates into the sap by ex- 
pressing the latter into a solution of diphenylamine and observing 
the blue colour reaction. A similar method has been more recently 
employed by Osterhout (1922 Z?), who used the cells of Nitella and 
obtained characteristic crystals on expressing the sap into a solution 
of nitron in 10 per cent, acetic acid. Using the same material Irvin 
(1923) detected the passage of chlorine ions into the cells by testing 
the sap with silver nitrate. Miss Irwin made the significant observa- 
tion that the rate of accumulation of chlorine in the sap wms not 
increased by increasing the concentration of chlorides in the external 
medium. Instead of employing chemical tests for intracellular com- 
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position, it is possible to make use of characteristic emission spectra: 
in this way M. M. Brooks (1922) observed the penetration of lithium, 
caesium and strontium into the cells of Valonia. As a rule, direct 
chemical or physical analysis of cell contents is only satisfactory in the 
case of large vegetable cells, although comparable methods can be 
and have been employed in the case of small animal cells, e.g. red 
blood-corpuscles (Kozawa, 1914). 

The analysis of the external medium as opposed to that of the cell 
contents has been used as an estimate of permeability from time to 
time. Demoussy (1900) determined the rate at which potassium and 
calcium disappeared from a medium in contact with the tissues of 
wheat and maize. The uptake of hydrogen ions by plant tissues was 
estimated electrometrically by Stiles and Jorgensen (1915 a), and by 
animal cells by Gray (1920), who used both colorimetric and electro- 
metric methods. The great objection to these methods lies in the fact 
that we have no direct knowledge that the substances in question 
actually penetrate as such into the interior of the cell — ^they may be 
adsorbed to the surface. 
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CHAPTEE FIFTEEN 


The Nature of the Cell Surface 


The barrier which prevents the free diffusion of solutes between 
the interior of a living cell and its surrounding medium is clearly 
located at or near the surface of the cell. Although we have no real 
knowledge of its essential nature, it is customary to speak of this 
barrier as though it were a definite morphological structure to which 
the term plasma membrane can appropriately be applied. Material 
conceptions of the plasma membrane have been put forward on 
many occasions and frequent attempts have been made to manu- 
facture membranes possessing properties comparable to those of the 
surface of living cells. As already mentioned (p. 371 ), Overton and 
others concluded that lipoid substances must be present in the plasma 
membrane, since substances soluble in such media usually enter the 
cell more rapidly than any others. This suggestion was supported by 
the observation of Stewart ( 1909 ), who observed that when red 
blood-corpuscles are killed by 12 per cent, formaldehyde they still 
retain their impermeability to strong electrolytes : if, however, these 
cells are exposed to ether, this impermeability is at once destroyed. 
Similarly a substance such as saponin, which is a strong emulsifying 
agent for fats, is a powerful cytolytic agent. Additional interest was 
attached to the lipoid theory of the cell surface by the work of 
Clowes ( 1916 ). It had previously been shown by Osterhout ( 1911 ) 
that the semipermeable properties of Laminaria cells are lost if the 
cells are exposed to any solution not containing divalent metallic 
ions, and that the loss of semipermeability is partially reversible on 
the addition of calcium. Clowes ( 1916 ) showed that the properties 
of an emulsion of olive oil and water are markedly altered by the 
presence or absence of calcium ions. Thus an emulsion of olive oil 
and water in alkaline NaCl yields an emulsion of oil drops in a con- 
tinuous phase of water: on the addition of calcium, however, the 
phases are reversed, and the system is converted into water drops 
dispersed in a continuous phase of oil. If the cell surface is normaOy 
characterised by a continuous oil phase, we can understand how it 
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becomes instable in the absence of calcium. According to Gortner 
and Grendel (1925) the mammalian red blood-corpuscle is bounded 
by a bimolecular layer of fatty substances, but Mudd and Mudd 
(1925) have criticised this conclusion and incline to the view that 
proteins as well as lipoids must be present at the surface of these 
cells. The arguments for and against the fatty nature of the plasma 
membrane have been recently summarised by Gellhorn (1929) and 
by Steward (1929) ; the latter author rightly criticises the possibility 
of determining the nature of the cell surface by direct analyses of 
substances diffusing from the cell into cytolytic media as were 
attempted by Hansteen-Cranner (1922). 

The most obvious difficulty, encountered by the conception of the 
plasma membrane as a continuous lipoid film, is the necessity of 
endowing it with an adequate permeability to water. How far this 
difficulty is as great as it appears to be at first sight is not clear. If 
the plasma membrane is extremely thin (see p. 361) — and is of the 
nature of a monomolecular layer — ^it might be permeable to water, 
whereas a thicker layer might not be permeable. That water can pass 
through a thin film of olive oil is suggested by the older observations 
of Quincke (1894, 1902) and Butschli (1894), who found that water 
was absorbed by olive oil which contained potassium oleate. A per- 
meability to water on the part of a fatty film can of course be ob- 
tained if it be assumed, with Czapek (1910), that the film is not 
continuous but is in the form of a discontinuous emulsion in a water 
permeable phase. Unless, however, this latter phase be impermeable 
to electrolytes we are no better off than before and, as Nathansohn 
(1904 a and h) points out, lecithin in the dispersed state does not 
accelerate the passage of lipoid-soluble substances. 

Within recent years the chief interest in the lipoid theory of the 
plasma membrane has centred on its application to the theory of 
bioelectric currents. If the protoplasmic surface is immiscible with 
Avater, it is possible to draw — as Beutner did — a fairly close parallel 
between electromotive forces at inanimate phase boundaries and 
those characteristic of living cells (see p. 393). 

The possibility of a protein composition for the plasma membrane 
was first considered by Pfeffer (1900), and the suggestion was later 
supported by Robertson (1908) and by Lepeschkin (1910-11). It can 
hardly be doubted that the conclusions reached by these authors 
were hardly justified by the evidence available (see Blackman, 1912), 
but certain outstanding phenomena must be considered. Firstly, as 
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pointed out by Robertson, proteins readily form precipitation mem- 
branes (see p. 77): the trouble lies, however, in the fact that such 
membranes are usually readily permeable to strong electrolytes and 
in this respect exhibit few of the selective properties of the living cell 
surface. It is doubtless true, as pointed out by Lepeschkin, that 
semipermeability is suddenly lost when the proteins of the cell are 
coagulated by heat, but this does not prove that the plasma mem- 
brane is related to the proteins except in so far as it may lie in a 
protein matrix. It may be remembered that the instability of the 
plasma membrane in the absence of calcium ions (as analysed by 
Osterhout) can be explained by the dissolution of a protein matrix 
just as readily as by the dispersion of a lipoid emulsion (see p. 107). 
That the plasma membrane is not of a simple protein type is shown 
by the fact that it can and does possess definite osmotic properties. 
If proteins play any part in the mechanism of the plasma membrane, 
they must act as a matrix in the pores of which is deposited a film 
capable of supporting an osmotic pressure ; such a film might con- 
sist of calcium phosphate and be comparable to the films examined 
by Meigs (1915) and Lapicque (1907). Such membranes are, it is 
true, impermeable to many salts, but in other respects they are 
unsatisfactory. More recent work raises the possibility that if the 
pores of a protein membrane are small enough they could be blocked 
by a film of adsorbed molecules of the solute or even by a water film 
(see p, 351). 

It must be admitted that all attempts to manufacture artificial 
membranes with the requisite properties have so far failed, but if 
Fricke’s estimate of the thickness of the plasma membrane (see p. 861) 
is of the right order of magnitude, all attempts to reproduce it 
artificially have been of a rough and ready nature. For a discussion of 
the various theories concerning the composition of the plasma mem- 
brane reference may be made to Hober (1922), Stiles (1924), and 
Gellhorn (1929). It is, however, worth noting that most, if not all 
the attempts to reproduce the properties of the cell surface, have 
tended to overlook the fundamental fact that the living cell is 
bounded by a surface or a membrane which is capable of generating 
energy or of transforming energy which is supplied to it in an 
appropriate form (see p. 21). To suggest that lipoids or proteins are 
responsible for the observed properties of this surface is equivalent 
to saying that these bodies are responsible for the properties of 
protoplasm as a whole. The fundamental problem in both cases is 
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the same, viz. to discover the precise orientation of the constituent 
parts of the surface, and so discover how the latter can function as 
a dynamic unit. We may look upon the cell surface from two points 
of view. Firstly, we may regard it as endowed with life in the sense 
that it can derive a store of energy from oxidative and other changes, 
and use this energy for specific purposes. Alternatively, we may 
regard the surface membrane as a relatively inactive structure only 
capable of distributing energy when the latter is supplied to it in 
a particular form ; in this case we may hope to find a parallel to the 
plasma membrane within the realm of inanimate systems. 

The cell surface as a living unit 

It has been mentioned on more than one occasion that the re- 
sistance offered by the cell surface to the diffusion of molecules and 
ions is greatly decreased when the cell dies. Since this change is 
irreversible it is difficult to say how far the increased rate of diffusion 
is the direct result of a decline in the vital activities of the cell, or 
how far both these phenomena are affected independently by the 
factor responsible for death; the fact remains, however, that the 
normal properties of the cell surface are invariably lost after death. 
If we restrict our attention to unicellular systems any correlation 
between the ‘semipermeability’ of the surface and the metabolic 
activities of the whole cell is at present of a hypothetical nature, 
but if we are prepared to consider other types of living membranes 
a number of relevant facts are available. 

If a solution of a crystalloid be separated from distilled water by 
means of a semipermeable membrane, water will diffuse into the 
solution, and if the solution be confined within an osmometer the 
process can be made to perform work by lifting a piston or in other 
ways. The energy for this work is originally present in the solution. 
If a membrane is interposed between two solutions of equal osmotic 
pressure, there is no transference of water from one side to the other 
and no work can be done by the system, since the potential is the 
same on both sides. In other words, whenever a solution becomes 
less concentrated it has the capacity of doing work, whenever it 
becomes concentrated work must be done on the solution. The 
performance of work implies that two sources of energy are available, 
one of which is at a higher potential than the other. When a living 
cell executes a change in the relative concentration of its internal 
fluids and that of its external environment, where does the requisite 
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energy come from? In inanimate systems no energy source is 
available if the potential on the two sides of a membrane is identically 
the same— so that if we interpose a membrane, of any description, 
between two identical solutions no differential transference of water 
or solutes can occur and no work can be done. Conversely if a mem- 
brane is interposed between two identical solutions and a trans- 
ference of water or solute spontaneously occurs, the membrane itself 
must be supplying the requisite energy. We have therefore the 
possibility of determining whether or not the cell membrane is an 
active ‘ living ’ structure, in the sense that it is the seat of a supply of 
potential energy which can be so orientated as to do osmotic work. The 
evidence in respect to the transference of water has already been 
presented (see p. 343), and although the data are far from completed 
certainly looks as though, in some instances, the cell surface is able to 
effect a transfer of water against or in the absence of any osmotic 
gradient. When we consider the transfer of dissolved substances the 
data also incomplete, give the same conclusion. For example, both 
Cohnheim (1898, 1899) and Reid (1901) found that dissolved solutes 
can pass through the gut wall to solutions of identically the same or 
even stronger concentrations. The same phenomenon occurs in the 
kidney where substances are not excreted from the blood in accord- 
ance with the osmotic gradients, but according to whether the 
threshold value in the blood is exceeded or not. As far as one can 
see, the cells selectively absorb substances in such a way as to 
maintain their internal environment at a constant composition. The 
respiratory activity of the kidney is clearly associated with its 
■ excretory activity (Barcroft and Straub, 1910), which looks as though 
the requisite energy for excretion were derived from chemical 
changes of an oxidative nature. Both in the gut and in the 
kidney the problem is complicated by the presence of hydrostatic 
forces at the surface of the blood vessels and it is conceivable that 
this energy might be utilised in some way , although it would not be 
available at normal cell surfaces. For this reason the experiments 
of Cohnheim are of peculiar interest. Cohnheim (1901) excised the 
gut of Holothuria and, filling it with sea water, suspended the pre- 
paration in a bath of sea wmter; he reported that after twenty-fom- 
hours the fluid within the gut was absorbed by the cells and excreted 
to the outside medium. Obviously such a transference could not be 
effected by an inert membrane but must involve active work on the 
part of the cells. According to Cohnheim, anaesthetics caused a 
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cessation in the secretion of sea water. An attempt by the author 
some years ago to confirm Cohnheim’s results led to a different 
interpretation of the facts. It is true that the gut of Holothuria nigra 
filled with sea water and immersed in sea water loses weight after 
some hours, but in all the cases observed no change in weight 
occurred as long as the gut was healthy and maintained its normal 
muscular tone. Loss of water appeared to run parallel to a loss of 
muscular tone and the latter rapidly leads to disintegration of the 
gut wall; it will be remembered that sea water is not normally in 
contact with the external wall of the gut and that Cohnheim’s 
experiments were therefore performed on tissue in an abnormal 
environment; the published work of Oomen (1926) confirms this 
view. It would be interesting to repeat these experiments using 
coelomic fluid instead of sea water. 

Rather more adequate evidence of a vital activity on the part of 
cells which are engaged in the establishment of osmotic and electro- 
lytic equilibria is provided by the work of Heidenhain (1891) and 
Reid (1902), both of whom observed the transference of water and 
solutes across a gut membrane having identical media on both sides. 
Further investigation of these facts is much to be desired, for if 
substantiated they cannot fail to clarify our conceptions of the 
mechanism whereby a cell comes into equilibrium wuth its external 
environment. As noted above, the great difficulty associated with 
such experiments is the fact that when a living membrane is ex- 
posed to the same solution on both sides, the conditions are highly 
abnormal, and the time factor becomes of very^ considerable im- 
portance; as will be shown later, it is not difficult to find inanimate 
membranes which will for a short time effect a transfer of water or 
ions from isopotential solutions. The essential point is •whether this 
occurs to a significant degree for a prolonged period. It will be 
remembered that both Maxwell (1913) and Adolph (1925) failed 
to obtain any transfer of water through a frog’s skin wffien both 
surfaces were bathed in Ringer. 

It is, however, possible to attack the problem from another angle. 
We know that the cell surface separates a relatively concentrated 
solution from one which is more dilute without any apparent means 
of opposing the osmotic force. If it does this in the way in which 
have suggested^ viz. by setting free a store of chenoncal energy and 
converting it into such a form as will provide a force equal and 
opposite to the osmotic force, then it is likely that this store of 
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energy will ultimately be associated with oxidative reactions. The 
greater the osmotic force the greater must be the opposing force 
and the greater the output of energy and the more intense the 
oxidative processes. We would therefore expect to find (i) that if 
the oxidative processes are upset salts should begin to leak out of 
the cell, (ii) that if the osmotic gradient on the two sides of the cell 
is increased or diminished the respiratory activity of the cell should 
exhibit corresponding changes. Data of this type are not at present 
available, blit if respiration and cell permeability are closely asso- 
ciated with each other it is surprising to think that it has not been 
recorded hitherto. The possible relationship between metabolic 
activity and cell permeability has recently been discussed by Straub 
(1929). The nearest approach to pertinent data is, however, pro- 
vided by Lund (1926-8) and by Mond (1924-7). It is known that 
the E.M.F. across a frog’s skin depends on the nature of the ions with 
which the two surfaces are in contact — and is, to some extent, a 
measure of the ions which can or cannot diffuse from one side to the 
other. Lund has shown that the e.m.f. of the skin is markedly 
affected by changes in the oxygen tension of the medium (fig. 159), 
or by the presence of cyanides. Lund suggests that the bioelectric 
current is essentially a measure of differences in the intensity of 
metabolic activity at the two points examined (see fig. 160). 

It will be noted that Lund’s experiments do not bear directly on 
the problem concerning the extent to which a cell can perform work 
to maintain an anomalous distribution of electrolytes between its 
interior and its external environment: on the other hand they 
indicate that the source of a p.d. across the cell membrane may be 
traced to the liberation of metabolites of an electrolytic nature. The 
only direct proof, that the maintenance of the normal distribution of 
electrolytes between a cell and its medium involves the performance 
of osmotic work, would be to show that any appropriate altera- 
tion in the electrolytic content of the external medium is reflected 
by a corresponding alteration in the metabolic activity of the 
cell. 

Alternatively, some indication of the vital activities of the plasma 
membrane is available from the observation of Osterhout, Damon 
and Jacques (1927) on the p.d. across the protoplasmic film of 
Valonia cells (see p. 23). If a cell can exhibit for a prolonged period 
a constant and measurable p.d. across its membrane when the same 
solution is on both sides— then, as long as the cell obeys the second 
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Fig. 159 . Diagram showing the reversible effect of different concentrations of oxygen 
on the magnitude of the electric polarity of two different frogs’ skins. Skin A has a 
greater inherent electric polarity than skin B. Shaded areas indicate concentration 
and duration of exposure to oxygen. Arrows indicate oxygen concentration at air 
saturation. (From Lund.) 
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law of thermodynamics, the membrane must be generating energy 
— and in so doing may be regarded as a living unit. 

We may approach the problem from still another point of view. 
If an inanimate membrane is interposed between two solutions of 
unequal concentration then, whatever be the nature of the mem- 
brane, its final effect will be independent of the orientation of the 
former. Thus if a membrane has side A in contact with solution of 
concentration and side -B in contact with a similar solution of 
concentration C 2 , the final position of equilibrium in respect to the 
distribution of ions will be the same as when side A is in contact with 
solution Cg, and side B in contact with solution C^. If the membrane 
is fairly thick, or if ions only adjust themselves to new positions very 
slowly, the transition period before equilibrium is established may 
be different in the two cases, but the final equilibrium condition will 



Fig. 160 . Diagram of a root tip illustrating electrical polarity due to differences in 
intensity of respiratory activity. C, root cap; D, region of active cell division; 
B, region of lower oxidative intensity, (From Lund.) 

be the same — in other words there cannot exist a condition of irre- 
ciprocal permeability in which substances can move through the 
membrane more easily in one direction than in the other. It is 
claimed by various authors that irreciprocal permeability is a 
specific characteristic of living membranes. This has recently been 
upheld by Wertheimer (1923-5) using frog’s skin: he found that 
sugar, ions, and gases pass more readily in one direction than in 
another, although the path of easiest penetration varies for different 
types of substance. It is, however, very important to differentiate 
between true irreciprocal permeability and the apparent irreci- 
procity which is produced when the diffusing substance is removed 
from the sphere of action on one side of the membrane, as in the 
cases of carbon dioxide and cresyl blue investigated by Osterhout 
and by Miss Irwin respectively (see p. 373). Mond (1924) found that 
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the dye cyanosin accumulates rapidly iu the gut and does not readily 
pass out again — but how far this may possibly be due to a change 
in the degree of its ionisation is not quite clear. 

It may be argued that evidence derived from the absorptive 
properties of the gut or surface skin may not be applicable to cells 
in general; whilst this is true^ it does not invalidate the general 
argument that the normal plasma membrane may be a generator 
of energy or be capable of exerting its effects by the absorption of 
energy which is stored in other parts of the cell. In this respect it is in- 
teresting to note that plant cells appear to vary in their ability to 
absorb electrolytes in accordance with the energy of incident light. 
M. M. Brooks (1926). Trondle (1910) reported similar data. 

The absorption of salts by somatic cells seems clearly defined in 
the case of growing cells, for in such cases the percentage of ash 
does not fall with an increase in the size of the cells; it is possible that 
in such cases the mechanism of absorption is not closely related to 
the mechanism which is responsible for the equilibrium conditions 
during intergrowth periods. 

It may be frankly admitted that the conception of the cell surface 
as an electrical accumulator, which is kept charged by metabolic 
activity, is not too clearly defined: there are, however, sufficient 
facts to merit serious attention, particularly in view of its theoretical 
importance and of the facts to be considered later. 

Physical conceptions of the cell membrane 

From a physical point of view we may ignore, to some extent, the 
chemical nature of the membrane and simply consider ho'w far any 
known physical system exhibits properties comparable to the sur- 
face of the cell. We may first consider the maintenance of electro- 
lytic equilibrium between the inside of the cell and the normal 
external environment. We have seen that the concentration of 
potassium inside a Valonia cell or inside certain red blood-corpuscles 
is very much higher than that in the external solution. If such 
systems are in strict thermodynamical equilibrium, then the cell 
surface must be impermeable to potassium ions or the potassium 
must be in the unionised condition inside the cells. The latter 
possibility can be eliminated — since the high conductivity of the 
interior of the cell makes it very improbable that there is any 
significant amount of potassium in the unionised condition within 
the cell. The only alternative is that the cell must be absolutely 
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impermeable to potassium ions. If the cell surface were very slightly 
permeable to both potassium and to chlorine, exosmosis must occur 
although it might occur very slowly. If the cell were slightly per- 
meable to potassium ions and not to chlorine, then, the ratio of 
potassium to sodium in the cell would sooner or later become the 
same as that in the external medium. The essential feature in all 
such systems is that the final position of equilibrium is independent 
of the rate at which ions diffuse through the membrane. We have 
seen (in the discussion of the equilibrium distribution of COg or fives 
between Valonia and its external medium), that the cell must possess 
a mechanism whereby the substances which diffuse inwards are 
prevented from diffusing outwards, or in other words, that the cell acts 
as a trap from which there is no escape. In the case of weak acids 
and dyes, the substances on entering the cell are converted into a 
form in which they are unable to diffuse across the membrane in an 
outward direction: in such cases the substances enter in the un- 
dissociated state and are prevented from out^vard diffusion by elec- 
trolytic dissociation; but this explanation is not available for 
metallic salts. It is important to bear in mind that the cell surface 
appears to establish a specific equilibrium in respect to individual 
types of ions and maintains these specific equilibria as long as 
the cell is alive. When a cell increases in size the different ions 
enter the cell in just the right proportions, although these pro- 
portions differ for different types of cell, e.g. sodium and potassium 
in Valonia BXidi H alley stis. Phenomena of this kind are so far unknown 
in inanimate systems, but find their parallel in the activities of the 
kidney. Only two alternatives seem possible — either (1) the non- 
growing cell is absolutely impermeable to cations, but wdien growth 
is taking place selective absorption occurs, or (2) the cell is normally 
permeable and continuous selective absorption is taking place. In 
either case we require an explanation of selective absorption. It 
will be remembered that in the case of the red blood-corpuscle, the 
theory of van Slyke (1926) postulates a complete impermeability to 
potassium. 

Instead of considering the equilibrium condition between the 
concentration of ions inside the cell and in the external medium, we 
may consider the evidence to be derived from bioelectric phenomena, 
since the orientation and magnitude of the observed potentials must 
ultimately depend on a heterogeneous distribution of cations or 
anions. This point of view is fraught with considerable difficulty and 
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danger to the biologist and more properly belongs, at the moment, 
to the realm of the physical chemist; it is, however, desirable to see 
the type of evidence at our disposal. It will be recalled that two 
distinct conceptions of the cell surface are associated with the names 
of Overton and of Pfeffer respectively. 

Overton’s results led him to the conclusion that the cell surface is 
essentially immiscible with water, and is of a fatty nature. It has 
already been mentioned (p. 2'2) that, under certain well-defined 
conditions, an electric current can be made to flow between two 
unlike aqueous solutions when these are separated by an oil phase 
of suitable composition. Further, the differences in potential 
between the two sides of such an oil phase are comparable in magni- 
tude to those observed in living cells. Phase-boundary potentials of 
this type have already been considered in reference to protoplasmic 
structure (see p. 24), but for a study of cell permeability a more 
detailed analysis is desirable, even at the expense of some repetition 
of the facts. 


For a full account of the electrical properties of inanimate membranes 
and surfaces the monograph of Michaelis (1926) should be consulted; the 
following description of a typical phase-boundary system is derived from 
this source. 

If we start with two liquids immiscible with each other but each capable 
of containing a common ion, the junction of the two solutions will be the 
seat of a phase boundary potential. If we connect the two solutions by 
a metallic wire as an external circuit, no current will flow because the 


two solutions are in strict chemical equilibrium. The potential difference 
will simply depend on the ratio of the solubility of the individual type of 
ion in the two phases : since this ratio is fixed, no current can flow when 


the two solutions form a circuit. On 
the other hand the bounding surface 
can act as an electrode reversible for 
the common ion. If therefore we 
arrange a suitable chain (see fig. 161), 
composed of two aqueous phases 



separated by a non- aqueous phase, a 
current will flow through the system 

when part of a suitable circuit because the potential at A is not the same 
as at B, and there is no equilibrium in respect to this ion within the oil 
phase itself. Each phase boundary {A and B) will in fact act as a re- 
versible electrode in respect to any ion which is common to all the liquid 

phases present. The maximum e.m.f. will be RTln -h w^here K 

depends on the nature of the ion. The direction of the current will depend 
upon the nature of the ion common to all phases. Thus, in the following 
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system, used by Beutner (see fig. 161 ), both the aqueous phases and the 
oil phase are capable of containing sodium ions Cj> Cg: 

Water + NaCl Oil + salicylic acid Water + NaCl 

Cx 0, 

As soon as the sodium chloride solutions come into contact with the 
oil, a trace of NaCl passes from the water into the oil and a trace of 
salicylic acid into the aqueous phases. In the oil phase double decom- 
position can take place, 

NaCl + salicylic acid := Na salicylate + HCl; 

whereas in the aqueous phase this does not occur owing to the very low 
ionisation of salicylic acid. Hence, in the oil phase there are salicylate ions, 
Na' and H* ; but the distribution of these ions in the oil is not uniform, for 
each side of the oil phase is in equilibrium with a different concentration of 
sodium ions in the adjacent aqueous phase. Under such conditions the 
concentration of sodium ions at the interface between the oil and the 
more concentrated NaCl is greater than at the other interface and the 
former interface is consequently electropositive. Alternatively, systems 
having chlorine instead of sodium as a common ion, yield e.m.f.’s in 
which the more concentrated aqueous phase is electronegative to the 
more dilute phase. 


Aqueous 
phase (1) 

Oil 

Aqueous 
phase (2) 

Na- (Cl) 

Cl' (Cl) 

Aniline ions i 

cr(c/) cr(Co') 

Na- (C,) 

Cl' (Cl) 


If a phase boundary is to exhibit an e.m.p., it is essential that the 
non-aqueous phase should have an affinity for anions greater or less 
than that for cations: otherwise the phase boundary potential is 
zero. The application of these principles to the elucidation of bio- 
electric phenomena was first made by Beutner ( 1913 , 1920 ), see 
p. 22. If the cell surface is the seat of a phase boundary potential, 
then, on interposing a cell or tissue between two solutions of an 
electrolyte in unequal concentrations, a galvanic current should fiow 
between the two solutions when the circuit is completed: 

Solution 1 I Cell | Solution 2 

Using the uninjured surface of an apple, Beutner obtained well- 
defined E.M.E.’s whose magnitude approached the maximal value 
characteristic of the oil/water systems previously investigated; in 
each case the dilute soltition was electro-positive (see Table LXII). 




THE NATURE OF THE CELL SURFACE 395 

Further experiments indicated, however, that the living system 
is more complicated than the simplest types of phase-boundary 
systems. When an apple was subjected to superficial injury and 
both the injured and uninjured surfaces were in contact with 
Jf/50 KCl, an e.m.f. of approximately 40 millivolts was observed — 
this being the normal current of injury. When, however, the 
amount of tissue between the aqueous phases was decreased the 
e.m.f. fell rapidly to 10 millivolts. This result can only be explained 
by assuming that there is a difference between the outer and inner 
layers of the apple tissue and that when this heterogeneity is 
reduced, by removing the peripheral layers, so the e.m.f. of the 
system declines; it will be remembered that in a phase-boundary 
system the sine qua non for an e.m.f. is a heterogeneous distribution 


Table LXII 



E.M.F. 

M/IO NaCI and iU/10 NaCl 

0 

M/10 „ „ M/50 

0-029-0*024 volts 

M/50 „ „ M/250 

0-042-0-036 „ 

M/250 „ „ M/1250 „ 

0-041-0-038 „ 


of ions throughout the non-aqueous medium. As pointed out by 
Michaelis (1926) the apple system represents a chain comparable to 


1. 

2* ! 

3. 

1 4. 


Nitrobenzene 

Nitrobenzene 

Salt solution 

Salt solution 

poor in 

rich in 



picric acid 

picric acid 



Within recent years the biological application of phase-boundary 
potentials has been developed by Osterhout, some of whose results 
have already been considered. As mentioned in Chapter III, 
Osterhout has demonstrated the presence of a persistent e.m.f. in 
the system, 

Valonia sap | Protoplasm ] Valonia sap, 

and has pointed out that if we assume the e.m.f. to be that of a 
phase-boundary system, then protoplasm must represent a hetero- 
geneous system in respect to an ion common to the sap and the 
protoplasm. It is clear, however, that any system of this nature 
cannot be in strict equilibrium if a current is flowing spontaneously 
through an external circuit; in some manner the membrane must 
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be capable of doing work. If the observed e.m.f. is maintained for 
long periods in a steady state there must be a supply of free energy 
available within the membrane — and in this respect we must look 
upon the membrane as an accumulator — or in other words as a 
living system. On the other hand, if the e.m.f. is of a transitory 
nature, it is quite possible that the observed potential differences 
are of a purely physical nature and only exist during the period of 
adjustment to a new equilibrium condition where the e.m.e. of the 
system is zero ; until the concentrations of ions at the two interfaces 
have become equal to each other there will be an e.m.f. It must be 
remembered, however, that the cell surface is extremely thin and that 
the total amount of potential energy stored in the form of hetero- 
geneously distributed ions is probably very small. 

Beutner’s conclusions have not been uncriticised, and to some 
extent they lost part of their significance when Michaelis and 
Fujita (1925 a) showed that it is improbable that the living tissues of 
the apple are responsible for the observed e.m.f.’s. The conception 
of phase-boundary potentials is, however, valuable not only as an 
indication of the true state of the protoplasmic/aqueous solution 
interface, but because it is essentially concerned with a system in 
which one type of ion (anion or cation) is unable to pass through the 
membrane. For example, in the system 

Aqueous solution Oil -h acid Aqueous solution 

C, C, 

there will be no leakage of ions through the oil phase as long as no 
electric circuit is established, and as we have seen this state of 
absolute impermeability is characteristic of the living cell. 

Beutner’s conception of protoplasm as a water immiscible phase 
was, however, criticised by Rohonyi ( 1914 , 1922 ), who pointed out 
that the essential feature of the oil/water chains does not lie in the 
immiscibility of the two adjacent phases, but in the fact that only 
one type of ion — cation or anion — ^is able to react or be absorbed by 
the membrane. Membranes possessing this characteristic are not 
restricted to oils ; they may consist of precipitation membranes of 
the copper ferrocyanide type investigated many years ago by Pfeffer. 

Such systems were also examined by Beutner (Michaelis, 1926 , 
p. 215 ). If a gelatin cup be filled with a solution of potassium 
ferrocyanide and immersed in a solution of copper sulphate, a current 
will flow through an external circuit between the sulphate and the 
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ferrocyanide. The copper solution is positive and the e.m.f. is 
approximately 100 millivolts. If KCl be added to the copper sul- 
phate solution the e.m.f. is changed, whereas it is independent of 
the concentration of the copper sulphate. The magnitude of the 
change effected by different concentrations of KCl in the system is 
such as to indicate that the membrane is behaving as though it 
were able to absorb potassium ions but not chlorine ions, just, as is 
the case with an oil phase containing an organic acid. Whether 
we look on the cell surface as a water immiscible fluid or as a 
precipitation membrane is therefore immaterial, as long as they 
both show the same differential attraction for cations as opposed to 
anions. The real difficulty arises in that copper ferrocyanide mem- 
branes are permeable to many types of substances to which the cell 
is not. 

Within recent years much attention has been paid by physico- 
chemists to the properties of protein membranes at various degrees 
of departure from their isoelectric point. Many such membi’anes 
undoubtedly exhibit a, differential permeability to cations and 
anions — and the degree of this difference varies with the pH of the 
membrane. In this respect the work of Mond and Hoffmann (1928 a 
and h) and others may be consulted. It must be remembered, how- 
ever, that all known protein membranes have a much higher capacity 
for conducting electricity than do copper ferrocyanide membi'anes, 
oil films, or the surfaces of living cells. In other words although protein 
membranes may show a marked difference in respect to their per- 
meability to anions or cations, yet unless the pores in the membrane 
are extremely small both these types of ion diffuse through the mem- 
brane to a very significant extent, and this process of diffusion goes 
on whether the system is part of an electric circuit or not. In the case 
of living cells and copper ferrocyanide membranes on the other hand, 
the leakage of salts to distilled water is very small, although the 
observed E.M.F. ’s may be the same for all these systems. This point is 
of real significance when we remember that the membrane must not 
only be the seat of an e.m.f., but must also account for the per- 
manent maintenance of different concentrations of molecules and 
ions on its two sides. 

Until recent years the intensity and persistence of the bioelectric 
current of injury seemed to eliminate the possibility of attributing 
these phenomena to the diffusion potentials investigated by Osti^vald 
and others. Michaelis (1926) has, however, revived the conception 
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of diffusion potentials in a modified form. If we interpose between 
two solutions of KCI {N/10 and N/lOO) a perfectly inert membrane, 
the initial e.m.f. ought to be 0*4 millivolts, this low value being due 
to the small difference between the migration velocity of potassium 
ions (64*67) and chlorine ions (65*44). Michaelis found, however, 
that if a dried collodion membrane is interposed between two such 
solutions much higher e.m.f.’s are observed. To account for this 
fact it is assumed that the migration velocity of ions within mem- 
branes having very small pores is markedly different to their velocity 
in water, and that the velocities of different ions are affected by the 
membrane to a different extent. Thus in an extreme case the 
velocity of migration of the anion may become zero and the e.m.f. 
between two solutions of concentrations 10:1 will become approxi- 
mately 57 millivolts; the system will resemble a diphasic system 
where the non-aqueous phase reacts only with cations. The essential 
character of Michaelis’ theory lies in the possibility of having an 
infinite variety of conditions between a normal diffusion potential 
on the one hand (when the relative velocity of migration of different 
ions is the same as in water) and a maximum value (when the velocity 
of the anions or cations is reduced to zero) on the other. In the case 
of phase-boundary potentials (for all dilute solutions) the anions 
play no part — and the only factor which need be considered is the 
distribution of the cations within the non-aqueous phase. How far 
the two theories are strictly alternative to one another or mutually 
exclusive remains to be seen. It would, however, be interesting to 
know something of the properties of an aqueous-oil-aqueous system 
in which the oil contains both a base and an acid radicle which are 
insoluble in water — ^for it will be remembered that Nierenstein found 
that such a system acts reversibly to both acid and basic dyes. 

If we look upon the current of injury as equivalent to a phase- 
boundary current or as due to a specialised type of diffusion potential, 
we undoubtedly gain some insight into one aspect of biological 
activity, but we are still a long way from understanding the 
fundamental nature of the cell surface. The facts must be con- 
sidered as a whole, and it is perhaps useful to summarise from a 
biological point of view the main requirements of any theory of 
cell permeability which is based on the electrical properties of the 
surface membranes. Firstly, the membrane has an exceedingly high 
resistance to electric currents which are not of a high frequency of 
alternation. Secondly, it separates two fluids which differ from each 
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other in two respects— one is more concentrated in electrolytes than 
the other, and the relative concentrations of any given ion in the 
system may be substantially different on the two" sides of the mem- 
brane. Thirdly, the membrane is the seat of a potential, the magni- 
tude of which can only be accounted for on the assumption that the 
velocity of specific cations through the membrane is relatively very 
great in comparison with the velocity of their associated anions. 

At present no known inanimate system has these properties : at the 
same time there is no sharp division of theory involved by the 
alternative suggestion of the plasma membrane as a ‘living’ unit. 
Fundamentally the biological structure with its specific properties 
will no doubt conform to a physico-chemical mechanism — even if it 
involves a negation of the second law of thermodynamics — the only 
point of issue at the moment is the source of the energy which is 
responsible for the maintenance of osmotic equilibria in the cell and 
of the mechanism whereby this energy is orientated and used in the 
manner requisite for life. In other words the plasma membrane is 
part of a dynamic system whose machinery is of a type not yet 
demonstrable outside the living cell. 

The rdle of the Donnan equilibrium in cell physiology 

The anomalous distribution of ions which is usually associated 
Avith the name of Donnan has played a considerable part in modern 
theories of cell permeability. 

If on one side (1) of a membrane there be a salt NaR which is 
wholly or partially ionised, and on the other side (2) there be another 
salt (NaCl) with a common ion, then if the membrane is imperme- 
able to the unionised salt NaR and to the ion R', but permeable to 
the molecules and derivative ions of sodium chloride, the system 
will come into equilibrium when the product of the concentrations of 
diffusible ions on the two sides of the membrane is the same, i.e. w'hen 
[Na]i[Cl]i = [Na] 2 [Cl ]2 = fc [NaCl], 
because the concentration of undissociated sodium chloride must 
be the same on the two sides. Since, however, [Na], = [ClJj, 

[NaMCl], = [Cl]|, 
and since [Na]i = [R] + [Cl]i, 

([R] + [CID [Cy = [Cl]|, 

in other words, the concentration of chlorine ions and therefor^jrf 
sodium ions on side (1) must be less than on side (2). 
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Assuming complete dissociation of NaR and NaCI, and equal 
volumes of solution on the two sides of the membrane, and if is 
the initial concentration of NaR and the initial concentration 
of NaCl, the equilibrium distribution can be defined by the fol- 
lowing diagram in which os is the amount of Na* or Ch which has 
moved across the membrane : 


I li 


Na* 

R' 

cr 

Na 

cr 


Cl 

X 

X 

C 2 - 03 


(Cl 4- cc) as = (C 2 - aj)\ 

Co - Cl 4- C 2 

^ c, • 

Taking arbitrary values of and Ci we get the following series of 
equilibria. 

Table LXIII 


Initial concen- 
tration of NaR 

Initial concen- 
tration of NaCl 

Ratio of ^ 

X 

— distribution of NaCl 
between II and I 

0-01 

10 

101 

0-1 

10 

1*1 

10 

10 

2-0 

10 

01 

11-0 

1-0 

0-01 

99-0 


If the concentration of the ions R' is high compared to that of the 
diffusible ions on the other side of the membrane, the membrane 
will appear to be impermeable to NaCl. 

It will be noted that there is a difference in chlorine concentration 
between the two sides of the membrane and consequently if chlorine 
electrodes are in contact with the two solutions they will be at a 
different potential. No current, however, can be produced by such a 
system, since it is in a state of true equilibrium, and consequently 
Donnan equilibria cannot be responsible for the electromotive pro- 
perties of living cells. It is, nevertheless, important to decide how far 
such systems can account for the anomalous distribution of electro- 
lytes between the cell and its external medium. Except in the case of 
secretory cells, the colloidal substances within a cell are not free to 
diffuse into the surrounding medium even if the cell be dead (see 
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p. 385). As long as there are within the cells proteins or other 
electrolytes of high molecular weight there will always be a Donnan 
efiect if the cell is immersed in an aqueous medium. At the same 
time this effect can only affect the final equilibrium in such a way 
as to keep the concentration of freely diffusible ions inside the cell 
at a lower level than their concentration in the external medium; 
the cells of most fresh-water organisms exhibit precisely the opposite 
phenomenon, for the concentration of freely diffusible electrolytes 
inside the cell is greater than that in the external environment.*^ In 
order that a Donnan equilibrium should be sufficiently powerful to 
account for the distribution of electrol>i:es within such cells, it is 
essential to postulate that the cell surface shall also be impermeable 
to other ions (e.g. potassium) in addition to those characteristic of 
protein and other substances of high molecular weight. An example 
of this type has already been mentioned in connection with the 
osmotic properties of the red blood-corpuscles (van Slyke, 1926). It 
will be noted, however, that although such postulates have their 
uses, we are still faced with the problem of how the potassium got 
into the cell in the first instance. 

Functional significance of loenneahiUUf 

From time to time a number of cases have been quoted which suggest 
that marked changes in permeability occur during the life of a cell and 
that these changes are associated with specific changes in normal ac- 
tivity. Examples of this type will be found in the text-books of Bayliss 
(1924) and R. S. Lillie (1923). How far some of the evidence is free from 
criticism is doubtful. It may be admitted that bioelectric pheno- 
mena are, in themselves, definite evidence to show that a redistri- 
bution of ions has occurred at the cell surface, but it is still uncertain 
how far the mechanism responsible for this redistribution is also 
involved in the maintenance of the equilibrium between the electro- 
lytes in the interior of the cell and those in the external medium. 
R. S. Lillie (1909), Bernstein (1912), and others have urged the 
possibility that the essential act of cell stimulation iiivoh’^es a 
localised and transitory increase in permeability to ions. A direct 
test of this hypothesis was attempted by McClendon (1912, 1929), 
who observed an increase in the electrical conductivity of a tetanised 
muscle which was accompanied by an exosmosis of electrolytes from 
the fibres. The relationship which exists between a contracting 
muscle and diffusible ions has also been investigated by Mitchell and 
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Wilson (1921), who found that when frog’s muscles are stimulated 
to contract under conditions which do not involve irreversible stages 
of faticjue, the cells lose no more potassium than is attributable to 
a potassium-free medium; on the other hand, it is only during con- 
traction that a muscle will absorb rubidium or caesium. The inter- 
pretation of these facts is not easy, but they indicate that the act of 
contraction alters in some way the diffusibility of electrolytic ions. 
Parallel to McClendon’s results with excited muscle fibres are the 
observations of Blackman and Paine (1918) on the exosmosis from 
the pulvinus of Mimosoi during stimulation. 

In accordance %vith a generalised conception of cell stimulation 
R S LUlie suggested that the act of fertilisation, like the act of 
stimulating a nerve, involved a temporary increase in the per- 
meability of the cell surface to ions. In 1910 McClendon showed that 
a dense suspension of the eggs of sea urchins conducts elec- 
tricity more readily after fertilisation and this fact was confirmed 
by Gray (1916). In view of the results obtained by the use of more 
modern methods, these conclusions must be accepted with some 
caution. Cole (1928), using very high frequency currents, was unable 
to detect any measurable increase in the internal conductivity of 
Arbacia eggs after fertilisation, although the effect of fertilisation 
seemed to stabilise the resistance at a level about three times that 
of normal sea water. Other attempts to associate fertilisation with 
a change in surface permeability were made by Bachman and 
Runnstrom (1912), who used the eggs of amphibia. Attempts by 
the author to detect such changes in fish eggs failed (Gray, 1920). 

One of the clearest cases of altered permeability during the normal 
life of the cell is that described by R. S. Lillie (1916) for the diffu- 
sion of water into sea urchin eggs before and after fertilisation. 
Water passes into the eggs of Arbacia from hypotonic sea water 
considerably more rapidly after fertilisation than before; since the 
act of fertilisation profoundly alters the physical properties of the 
cortex of the egg an altered permeability is perhaps not surprising. 

For the relationship between the inferred changes in permeability 
which accompany stimulation, reference may be made to Keith 
Lucas (1910), Hill (1910), and R. S. Lillie (1923). 

It is by no means easy to co-ordinate the facts which bear on the 
structure and properties of the cell surface, and it is equally difficu t 
to reach a definite standpoint from which to review our present 
knowledge. The problems involved are, however, of fundamenta 
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importance. Until we know the factors which control the inter- 
change of substances between a cell and its environment, we cannot 
hope to form an adequate conception of the way in which an or- 
ganism will respond to a change in its external environment, and 
until the true nature of the bioelectric current is established, our 
knowledge of protoplasmic transmission must remain obscure. It is 
perhaps unfortunate that so much attention has been focussed on 
the cells of the higher vertebrates, for valuable data might ^vell be 
derived from a study of the cells of those animals whose internal 
fluids are known to change in response to changes in environment ; 
in most invertebrates the osmotic pressure of the internal fluids, 
unlike those of higher vertebrates, changes in sympathy with 
changes in the external medium. Similarly, the osmotic pressure 
inside the cells of moulds often bears a definite relationship to that 
of their medium, and if the cells of a salmon are permeable to \vater, 
it is curious to find that the animal can plunge from fresh water to 
sea water and vice versa without any obvious change in the volume 
of its cells or in the freezing point of its blood. 
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CHAPTER SIXTEEN 


The Germ Cells 


Th e function of the germ cells is the production of new individuals 
endowed with the hereditary characters of the parent organisms. 
Fortunately, our conceptions of this fundamental property is based 
on a relatively precise knowledge of both morphology and function. 
The morphology of the germ cells has been admirably described by 
Wilson (1925) and others, and rightly occupies a central place in the 
theory of inheritance. The behaviour of the cells as physiological 
units has also been summarised on more than one occasion. In the 
present chapter no attempt has been made to cover the whole held, 
but attention has been focussed on the theoretical significance of a 
comparatively small number of isolated phenomena. For a complete 
account of the activity of the germ cells, reference should be made 
to Wilson (1925), F. R. Lillie (1919), Lillie and Just (1924) and Dalcq 
(1928). 

The spermatozoon 

From a morphological point of view a spermatozoon is a unique 
type of cell. It consists largely of a nucleus together with a typical 
unit of locomotion — a flagellum. There is little or no c\i;oplasm, and 
no visible signs of metabolic reserves. The functions of the two main 
morphological constituents are beyond doubt — ^the nucleus is des- 
tined to play its peculiar r61e in the transmission of hereditary 
characters, while the flagellum endows the cell with the requisite 
powers of active locomotion. 

It is not easy to follow the movement of a single spermatozoon in 
a highly active suspension, but as pointed out elsewhere (p. 472) 
it is highly probable that the mechanism of movement is essentially 
similar to that in the flagellum of the sponge (van Trigt, 1919); 
waves of contraction pass along the tail of the spermatozoon from 
the head end backwards. As a rule these waves follow a spiral course 
and pass round the long axis of the tail as well as along it; conse- 
quently, there are two forces acting on the medium — a backward 
thrust which drives the spermatozoon forward and a couple which 
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rotates the cell about its long axis. If we are right in assuming that 
the nucleus is unlikely to contribute the requisite energy for move- 
ment, it follows that the life of the sperm must be strictly limited 
when moving in a medium which provides no nutrient substances. 

From a teleological point of view it is desirable that a spermato- 
zoon should conserve its energies until it reaches the medium in 
which fertilisation occurs, and in practice this can be accepted as a 
working rule although a precise formulation of the facts is not easy. 
A preliminary instance of the phenomena may be of use. The 
spermatozoa of the trout Salmofario are immobile in the testicular 
plasma, but become extremely active on the addition of water; the 
period of activity is, however, extremely short and at lO"" C. is limited 
to two or three minutes (Gray, 19206). Similarly, Kolliker (1856) con- 
cluded that the sperm of mammals is immobile within the male tract 
until it is activated by the secretions of the secondary male glands 
prior to insemination. More recently, however, Young (1929 a) has in- 
vestigated the conditions in the guinea-pig and concludes that there is 
no specific activating principle present in the epididymal secretion; 
according to Moore (1928) if an activating element is present it is 
derived from the testis itself. It is by no means easy to determine 
whether spermatozoa are normally motile within the body of the male 
parent, for the necessary technique usually involves an alteration in 
the COg and Og tension in the neighbourhood of the cells. It is, how- 
ever, significant to note that Hammond and Asdell (1926) have shown 
that the total effective life of rabbit sperm is not more than SO hours 
in the body of the female, although it may be as long as 38 days in 
the body of the male. That some spermatozoa can retain their 
vitality for prolonged periods is also clear in the case of bees and in 
some fish. Van Oordt (1928) reports that spermatozoa can live 
within the female tract of the fish XipJiophorus heller i for at least 
10 months ; whether the same fact holds good for the bat is uncer- 
tain (Hartman and Cuyler, 1927). The point at issue is not, hoAvever, 
whether spermatozoa can retain their vitality for long periods but 
whether they can exist for long periods in a state of active locomo- 
tion. 

Among invertebrates the period of active life can be studied with 
relative ease. Gemmill (1900) appears to have been the first to 
detect the important effect played by the density of the suspension 
on the period of active life. He showed clearly that dilution of the 
sperm of Echinus shortened the period of life. A cursory inspection 



410 


THE GERM CELLS 


of the contents of a ripe testis of Echinus miliaris reveals the fact 
that the spermatozoa are present in very great numbers, and that 
when a drop of this suspension is mixed with sea water the sperma- 
tozoa at once exhibit intense and active movement. In other 
species, notably Echinus esculentus, dilution of the sperm will not 
produce imnaediate movement unless the sperm is absolutely 
‘ mature’ ; as a rule there is a variable period during which the cells 
remain more or less motionless in the diluted suspension. The nature 
of this activation by dilution is obscure, but it leads to GemmilFs 
important contribution — viz. that a concentrated sperm suspension 
will maintain its powers of fertilising eggs longer than one which has 
been diluted with sea water. If we assume that the metabolic 
reserves of the sperm are strictly limited and that dilution of a 
suspension stimulates mechanical movement, then the natural in- 
ference is that dilution shortens the effective life by allowing the 
cells to dissipate their available energy more rapidly than under 
conditions where movement is less active. This view was supported 
by the experiments of Cohn (1918). Working with comparatively 
dilute suspensions of Arbacia sperm, Cohn confirmed the fact that 
the more dilute the suspension the more rapidly did it lose its power 
of fertilising eggs (Table LXIV). 

It is well known that acids inhibit all known types of vibratile 
movement (see p. 453) and, since Cohn found that the more con- 
centrated is the sperm suspension the higher is its hydrogen ion 
concentration, it seemed feasible to suppose that the preservation of 
fertilising power in the concentrated condition is due to the effect 
of the COg produced by the sperm themselves. Cohn found that the 
rate of loss of fertilising power is decreased if the area of suspension 
ill contact with air is decreased or if the concentration of the CO 2 
in the air is increased (Table LXV). 

By estimating the output of COg from the changes observed in the 
of the suspensions, Cohn concluded that the total output of 
energy during the whole life of a spermatozoon is unaffected by the 
concentration of the suspension. The rate at which this energy is 
expended is, however, dependent on the hydrogen ion concentration. 
In normal sea water, or in a very dilute suspension, the spermatozoa 
are very active and, since they are thus expending their energy 
relatively quickly, they soon lose their power of active movement 
and of fertilising eggs. In more concentrated suspensions the CO 2 
generated by the cells raises the hydrogen ion concentration and this 
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slows down the rate of expenditure of energy, thereby increasing the 
length of their effective life. 

That accumulated CO2 will depress the activity of spermatozoa 
there can be no doubt, but it would seem that the concentration effect 

Table LXIV 


Age of 
sperm 
in hours 

Concentration of sperm suspension in per- 
centage of undiluted sperm in 100 c.c. j 

sea water I 

4 

1 

0*5 

0*25 


Percentage of eggs fertilised when 1 drop of 
sperm was added to eggs in 10 c.c. sea water 

14-2 

100 

98 

h7 

10 

23-6 

100 

98 

15 

0 1 

47-0 

100 

0 

0 

0 i 

71-9 

98 

0 

0 

0 i 

920 

85 

0 

0 

0 1 


Table LXV 




Approximate CO 2 tension of the air with | 
which the surface of the suspension is | 
in contact ' 

j 

Age of sperm 

0-3 mm. 

0*1 mm. j 



Percentage of eggs fertilised when 1 drop j 
of sperm is added to 10 drops of eggs 

in 10 c.c. sea water 1 

i 

(hr.) 

0 

(min.) 

15 

100 

100 

1 

30 

100 

100 1 

7 

15 

100 

100 

9 

35 

100 

85 

13 

35 

100 

77 

22 

30 

90 

19 

25 

30 

92 

82 

29 

00 

93 

25 

32 

00 

81 

1 

35 

50 

20 

0 


originally observed by Gemmill is more complicated in its action than 
would appear at first sight from Cohn’s observations. If accumulation 
of COgis the sole means whereby a concentrated suspension prolongs 
the effective life of a spermatozoon, then removal of CO2 from the 
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suspension should reduce the effective life to the period characteristic 
of dilute suspensions. It was found by the author (Gray, 1928 a, h) 
that the uptake of oxygen by a suspension — and hence presumably the 
CO 2 production — was governed by a series of factors which does not 
appear in the analysis given by Cohn. If we take two suspensions 
of the sperm of Echinus miliariSf one of which contains 3 mg. of 
nitrogen equivalents of sperm (= approximately 0-25 c.c. undiluted 



Pig. 162. Graph showing the effect of successive dilutions on the respiratory 
activity of a suspension of the spermatozoa of Echinus. (Gray, 1928 a.) 

sperm) in 5 c.c. sea water and compare the rate of oxygen consump- 
tion per mg. nitrogen with that of the same amount of sperm in a 
more concentrated suspension (12 mg. nitrogen per 5 c.c.), the more 
dilute suspension is found to exhibit a much higher rate of oxygen 
consumption per unit quantity of sperm than does the more con- 
centrated suspension (fig. 164). It is important to note that these 
observations were made on suspensions from which the COg was 




C.miii. Oo used per 1 lug. N of sperm 



No. of c.c. sea water per mg. N equivalent of spermatozoa 

Fig. 163. Graph showing the respiratory activity of a unit amount of the sperm of 
Echinus when diluted with sea water. The dotted line shows the activity plotted 
against the cube root of the dilution. (Gray, 19*28 a.) 



Fig. 164. Graph showing the effect of dilution on the O 2 consximed by 
a unit quantity of the sperm of Echinus miliaris. (Gray, 1928 a.) 
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being constantly remoTed by agitation with CO 2 free air. Attempts 
to raise the level of the respiratory activity of concentrated sus- 
pensions to that characteristic of those which are more dilute have 
invariably failed — and it would appear that a complete activation 
of individual spermatozoa is only possible in a comparatively dilute 
suspension where each cell has an adequate space in which to execute 
its mechanical movements. It should be noted that this factor is 
not likely to operate in very dilute suspensions such as were in- 
vestigated by Cohn, but is very obvious in suspensions such as are 
normally found in the cavities of the male genital organs. In the case 
of Echinus the greater mechanical activity of sperm which follows 
dilution can usually be detected under the microscope and the 
gradual loss of fertilising power after dilution is roughly parallel to 
the decline in mechanical activity. How far the dilution factor 
affects the duration of active life in other cases is difficult to say, but 
it may play a part in the conditions investigated by Walton (1927) 
in mammals. Walton found that there was a significant decline in 
the percentage fertility of rabbits after artificial insemination with 
diluted semen. This might conceivably be comparable to the state 
of affairs in the trout or Echinus where dilution causes premature 
activity and results in an exhaustion of locomotory powers before 
the sperm reaches the egg. As Walton points out, conditions in the 
mammalia are complicated; in dilute suspensions the total number 
of sperm reaching an egg is probably small and dilution has to be 
effected by the addition of an artificial medium which may injure 
the cells. Direct observations on the effect of dilution on the period 
of active life of mammalian sperm have recently been provided by 
Young (1929 b) for the guinea pig (see Table LXVI) ; it will be noted 
that the effect is substantially the same as on echinoid sperm. 

The survival of spermatozoa in dilute suspensions is clearly asso- 
ciated with the ability or non-ability of the cells to obtain energy 
from external sources. When spermatozoa are shed into an environ- 
ment of sea or fresh water, they must presumably rely on intracellular 
sources of energy; as long as they are in the body fluids of the 
male or female parents they may, like other cells, be capable of 
obtaining energy from external sources. If such an absorption were 
possible from the medium in which fertilisation occurs, there is no 
obvious reason why spermatozoa should not possess an active life 
comparable to that of other cells; at any rate, the period of life 
would not be limited by the total energy available. Unfortunately, 
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very little accurstte information appears to exist concerning tlie 
mobility of sperm within the male genital system. Hammond and 
Asdell (1926) have shown that as long as they are witliin the male 
tract the spermatozoa of the rabbit will retain their fertilising power 
for as long as 38 days, whereas after injection into the body of the 
female the power of fertilising eggs is lost after 30 hours. The loss of 
fertilising power in the female tract might be due to one or more 
causes. If the spermatozoa are more active in the female than in the 
male, they may exhaust their supplies of energy and so fail to be 
sufficiently active to fertilise the eggs; on the other hand, we can 
look upon the external conditions in the female tract as a relatively 
toxic environment which sooner or later destroys the sperm, 


Table LXVI. Effect of dilution on duration of motion of 
guinea-pig sperm (46° C.) (From Young) 


Exp. 

no. 

Parts of Locke’s solution to undiluted sperm suspension 

; 

Un- 

diluted 

1 ; 1 

2 :1 

3 : 1 

6 :1 

7 :1 

13 :1 

24:1 

i 

; 


Min. 

Min. 

Min. 

Min. 

Min. 

Min. 

Min. 

Min. : 

1 1 

105 

105 

— 

105 

— 

70 

— 

— 1 

2 

100 

120 

— 

110 

— 

60 

— 

25 1 

3 

105 

— 

85 

— 

55 

— 

— 

— 

4 

90 

— 

60 

__ 

28 

— 

25 

— ' 

5 

80 

— 

j 70 

— 

50 

___ 

30 

i 

i 

6 

70 

1 

40 

— 

30 

— 

20 



although they may still possess ample supplies of energy for move- 
ment. It is interesting to note that a similar analysis is applicable 
to fish spermatozoa (Huxley, 1930; Walton, 1930 b). 

Reverting to the spermatozoa of invertebrates, it will be recalled 
that Cohn’s results suggested that motile life is limited by the amount 
of energy available within each individual cell. Attempts to confirm 
this conclusion by the author (Gray, 1928 b) failed to give clearly 
defined results. Using suspensions of Echinus sperm from which the 
CO^ generated was constantly removed, the rate of decay in the 
activity of the suspension (as measured by the rate of consumption 
of oxygen) failed to conform to any simple quantitative law. In the 
first place, it was found impossible to estimate the total oxygen 
used by any given suspension, since a small but measurable oxygen 
consumption persisted up to a point where other oxidative changes 
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of a post-mortem nature obviously set in. This fact, recently con- 
firmed by the data of Carter (1930), makes it impossible to give any 
clear experimental proof of Cohn’s main conclusion: presumably, 
the amount of energy expended by a spermatozoon is limited, but 
its amount has yet to be measured quantitatively. The natural and 
irreversible decay in the activity of a sperm suspension may be due 
to a variety of causes (Gray, 1928 b), and the facts are probably best 
described in terms of the statistical variability in the viability 



Fig. 165 . Graph shomng the total O,, consumed during the life of a suspension of 
spermatozoa of Echinus miliaris. The dotted line shows c.c. Og plotted against the 
square root of the age of the suspension. 


of individual units without any reference to the immediate causes 
which lead to the death of these units (Gray, 1931). It is of interest 
to note that Young (1929 6) concludes that mammalian spermatozoa 
actually undergo a process of irreversible decay whilst still within the 
epididymis. 

The survival time of sperm suspensions is more than an academic 
problem, for in the case of mammals and possibly also fish, it is 
often of economic importance to effect artificial insemination where 
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a natural mating is either impossible or impracticable. Walton 
(1930 a) has shown that if the spermatozoa are removed from the vas 
deferens of a male rabbit under aseptic conditions in such a way as to 
prevent contamination with air, the survival time of the suspensions 
is largely determined by the temperature. At body temperature 
(40° C.) the maximum survival time (as estimated by fertilising 
power) is about 13 hours. Above this temperature, the spermatozoa 
are rapidly destroyed — whereas lowering the temperature to 15° C. 
prolongs the life to 7 days : below 15° C. the survival time again falls 
(see fig. 166). It is interesting to note that as drawn from the vas 
deferents the sperm was found to be motile prior to being injected 
into the female (see p. 409). 



Fig. 166. Maximal survival times and velocity of destruction of the spermatozoa of 
the rabbit as functions of the temperature. (From Walton.) 

Hammond’s (1930) experiments on the rabbit differed from those 
of Walton in that the original spermatozoa were taken from the 
vagina of a freshly impregnated doe and not from the vas deferens of 
a male. Under such conditions the periods of survival at different 
temperatures were lower (see Table LXVII). 

It is significant that in Hammond’s experiments the percentage 
of sperm found to be motUe at room temperature after exposure 

27 
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for variable periods to higher or lower temperatures was found to 
be a fairly good index of the ability of the suspension to fertilise 
eggs in the normal way. 

To some extent the reactions of spermatozoa to changes in their 
environment are precisely parallel to those exhibited by other types 
of cells. As ill the case of vibratile cells in general, prolonged move- 
ment is dependent on the presence of calcium ions and on a critical 
minimum concentration of hydroxyl ions (Gray, 1920 a, 1922 h\ and 
in respect to their orientation in an electric field spermatozoa behave 
as a system of negatively charged particles. 

In other respects, however, certain types of sperm show more specific 
characters. When a sample of sperm drawn from the testis of a ripe 
Echinus is placed in sea water, an immediate outburst of mechanical 
activity is observed. If the testis is not fully ripe, however, there may 


Table LXVII 


Temperature 

Survival period in hours 

Sperm from 
epididymis under 
paraffin 

Sperm from vagina 
in contact with 
air 

35 

14 

14 

10 

168 

96 

0 

60 

16 


be a significant latent period after dilution before movement reaches 
its full level. If, however, such sperm is diluted not with fresh sea water 
but with sea water which has been in contact with ripe unfertilised 
eggs, the latent period of quiescence is either reduced or abolished 
altogether. This fact raises the question of how far the natural 
medium of fertilisation exerts a definite activating influence on the 
spermatozoa apart from the mechanical effects produced by dilution. 
Even on sperm which is fully activated in pure sea water (e.g. 
Echinus iniliaris), egg secretions exert a definite action, for they 
maintain the metabolic activity of the cells at its original level, 
whereas in normal sea water the latter rapidly declines (fig. 167). 
The nature of the sperm-activating principles in egg secretions of 
Echinus has been investigated by Carter (1930), who finds that to 
some extent their action is comparable to that exerted by thyroxin 
and other iodine compounds. On the other hand Clowes and Bach- 
man (1921) found that the activating principle in the egg secretions 
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of Asterias and Echinarachnius are volatile and that their effects are 
comparable to those induced by the higher alcohols. 

When a suspension of spermatozoa is highly active, it is not 
uncommon to find that the cells no longer distribute themselves 
uniformly throughout the medium but tend to group themselves 
together to form microscopic or macroscopic clusters. This is the 



Fig. 167. Graph illustrating the effect of egg secretions on Og consumption of Echinus 
miliaris sperm. The unbroken line shows the Oo consumed by a suspension in the 
presence of egg secretions; the broken line shows the Oo consumption of an identical 
suspension without egg secretions. (After Gray.) 

case with the spermatozoa of Nereis (F. R. Lillie, 1918). When fresh 
spermatozoa of Nereis are mixed with sea water they rapidly aggre- 
gate into clumps of actively moving cells whose size gradually 
decreases again as the activity of the spermatozoa declines. More 
than one explanation has been advanced for this phenomenon; Cohn 
(1918) regards the process of aggregation as the direct result of CO 2 
inhibition, whereas Lillie rejects this suggestion. Lillie’s explanation 
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is that each spermatozoon exerts a chemotactic effect on its neigh, 
hours by virtue of the COg which it liberates; such chemotactic 
effects are not at all uncommon in flagellate or ciliate protozoa 
(Fox, 1920; Saunders, 1924). It seems reasonable to suppose that in 
each case the phenomena are due to an active orientation of the cells 
to a specific concentration of hydrogen ions (see Gray, 1922 a). 

The formation of clusters or aggregates of active spermatozoa 
readily occurs when the sperm of certain echinoderms is exposed to 
seawater containing egg secretions (Buller, 1902 ; F. R. Lillie, 1918). If 
the sperm are such that they are not highly motile in normal sea 
water, the first effect of the egg water is the production of a state of 
intense mechanical activity; within a few seconds clusters of highly 
motile sperm begin to form in a way which closely resembles the 
effect of CO 2 on Nereis sperm. In some cases the aggregated con- 
dition is temporary, for as the sperm begin to be less active the size 
of the clusters is reduced and the number of isolated feebly moving 
cells is increased. In other cases, however, aggregation is followed 
by true agglutination in which the cells adhere firmly to each other 
after they have ceased to move. The significance to be attached to 
these reactions must be deferred to a later stage (see p. 433), but 
it is interesting to note that the reactions of a given type of sperma- 
tozoon and egg water are seldom if ever entirely specific. Loeb 
(1914, 1915) found that the egg water of Strongylocentrotus fran- 
ciscanus will not cause aggregation of the sperm of S. purpuratus, 
whereas the egg water of S, purpuratus will agglutinate the sperm of 
S. franciscanus. Just (1919) found that egg water of Arbacia will 
agglutinate the sperm of Echinarachniiis, whereas the reverse com- 
bination is without effect. 

The agglutinating principle in egg secretions is a colourless sub- 
stance of high molecular weight, for it will not pass through a 
Berkfeld filter and is non-dialysable. According to Glaser (1914 a), 
it fails to give positive tests for proteins, although Woodward (1918) 
claims that it is removed from solution by the salting-out action of 
ammonium sulphate. Whatever be its nature, it appears to differ 
materially from the activating principle already described. The im- 
mediate interest of the sperm agglutinant lies in its possible rdle in 
the process of fertilisation, for F. R. Lillie’s conception of the union 
bet^veen a spermatozoon and an egg is based on the assumption that 
this union is effected by the mechanism which in some cases can be 
shown to be responsible for the union between one spermatozoon and 
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another. For this reason Lillie ascribed the name of ‘fertilizin’ to 
sperm-agglutinating principles. For a full discussion reference 
should be made to the original papers or to Lillie and Just (1924). 

The egg cell 

The egg cells of nearly all the higher animals differ morphologically 
and physiologically from all the other cells in the body. Typically, 
the egg is much larger than a somatic cell, and both c}i:oplasm and 
nucleus exhibit specific characteristics. The primitive egg cells or 
oogonia can often be recognised at a very early stage in the life 
history and, as in the case of the spermatogonia, their subsequent 
development has been studied in great detail (see Wilson, 1925, 
Chapter iv). For present purposes, it is unnecessary to recapitulate 
even a summary of the morphological facts, and we may look upon 
the egg almost exclusively as a physiological unit. 

From this point of view an egg is peculiar in two respects. Firstly, 
it is essentially a totipotent system capable, after fertilisation, of 
giving rise to a complete new individual. This property is not 
absolutely specific, for we have seen that in sponges, coelenterates and 
other forms, aggregates of somatic cells are capable of forming new 
individuals: as far as is known, however, the ovum (in the metazoa) 
is the only type of isolated cell which can normally produce a com- 
plete organism. Secondly, as the developing egg is often isolated 
from all external sources of organic material, it must contain within 
itself all the ingredients requisite for the production of new tissue : 
we find, in fact, that the cytoplasm of a typical egg contains a much 
larger percentage of nitrogenous and other deposits than does any 
other type of cell. 

When a young oogonium begins its development, it is usually 
possible to recognise three distinct phases before the production of 
a new organism begins. Firstly the cell grows rapidly in size — often 
reaching a bulk many thousands of times that of typical somatic 
units; it is during this growth phase that the egg accumulates the 
yolk reserves which will afterwards be used for the manufacture of 
new cells and tissues. The growth phase is clearly one of great 
metabolic activity, for there is an increase in the size of the nucleus, 
and in the bulk of the cytoplasm, as well as a deposition of the yolk. 
So far our knowledge of these processes is limited to morphological 
observations, and it is by such means that nuclear growth and yolk 
formation have been extensively investigated. On the completion 
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of growth, a pause may or may not be interposed in the develop- 
mental history before the onset of the second main phase of matura- 
tion. The most obvious changes effected by maturation are concerned 
with the nucleus, but there may also be simultaneous changes in the 
cytoplasm (see p. 95). In some cases maturation is complete before 
fertilisation, whereas in others maturation is only completed after 
the spermatozoa has entered the egg. 

Nothing is known of the cause which incites the young oogonium 
to grow or to deposit yolk. In every ease, however, there must be 
an active secretion of nitrogenous bodies. The most usual form of 
nitrogen storage is the deposition of proteins — which may either be 
in the solid form (as in amphibian, or elasmobranch eggs) or in the 
fluid state (many teleostean eggs, e.g. Salmo). Gatenby (1922) and 
Nath (1925) have shown that nitrogenous yolk is not infrequently 
associated with the extrusion of substances from the nucleus into 
the cytoplasm. Non-nitrogenous yolk may exist as carbohydrates or 
as fat. In the eggs of Ascaris and some molluscs glycogen is abun- 
dant, whereas in other forms {Nereis, fish) large oil globules of a 
fatty nature are very distinct constituents of the cytoplasmic 
secretions. The chemical changes whereby these secretions subserve 
the requirements of the developing egg hardly enter into the field of 
cytology — but reference may be made to Faure-Fremiet (1925) and 
to Needham (1931). 

Usually the life of a ripe unfertilised egg is considerably longer 
than that of an active spermatozoon, particularly if the temperature 
is low or if the egg is deprived of oxygen (Loeb, 1913). Cases are 
known, however, where the effective life of the ripe egg is very short. 
Just (1915 b) showed that in order to effect successful artificial in- 
semination of Platynereis megalops the eggs and spermatozoa, like 
those of the trout, must be mixed without previous contamination 
with sea water. In Platynereis, however, it is the eggs which suffer 
by washing and not the sperm ; for if the former are washed in sea 
water and the water be then removed, no fertilisation is effected by 
the addition of fresh dry sperm. If the reverse experiment is per- 
formed, the previously diluted spermatozoa will fertilise fresh dry 
eggs after removal of the excess of water. Just regards this loss of 
fertilising power as due to the loss of an essential ‘fertilizin’ from 
the eggs (see p. 421). 
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The fusion of egg and spermatozoon 

There is no evidence which suggests that an animal egg invariably 
secretes a substance which attracts neighbouring spermatozoa, al- 
though in those cases in which the eggs produce a substance which 
stimulates the male gametes to a higher degree of mechanical 
activity, a limited amount of chemotactic movement may occur 
(Dakin and Fordham, 1924; Just, 1930). As far as one can see, 
contact- between sperm and egg is usually fortuitous, so that the 
chance of fertilisation will depend on the number of spermatozoa 
and eggs present. This does not imply that the egg is necessarily 
fertilised by the first spermatozoon with which it comes into contact : 
probably several collisions occur before the effective spermatozoon 
reaches the egg. Glaser (1915) observed that this is often the case 
in Arbacia eggs. Quite clearly if a spermatozoon is to fertilise an 
egg, the two cells must remain in contact with each other after 
collision. It is generally supposed that the sperm head is adhesive 
in the sense that after contact the sperm can only be separated from 
the egg surface by the application of a force which is greater than 
that which can be exerted by the tail of the spermatozoon. Subse- 
quently, of course, the sperm head is engulfed into the body of the 
egg cell. The general series of events is not unlike the process of 
phagocytosis — in which the inanimate particle is replaced by an 
active spermatozoon. There are, however, two features peculiar to 
fertilisation; (i) there is a high degree of specificity, (ii) one and only 
one spermatozoon is usually incorporated into the egg. 

If we look upon the opening phase of fertilisation as equivalent to 
physical adhesion, the problem of specificity resolves itself into a 
study of specific adhesion between surfaces : at present, this point of 
view has not led to any very hopeful results, but it is interesting to 
note that specific adhesion has been observed in the case of red 
blood-corpuscles (Tait, 1918). At the same time, the attachment of 
the sperm to the egg initiates far-reaching changes at the egg surface, 
for within a very short space of time the whole surface is altered in 
such a way as to prevent adhesion and penetration by other sperma- 
tozoa. The physiological nature of these changes is obscure, although 
they are followed by visible alterations at the periphery of the egg 
(see below). 

In many cases a sperm is able to enter the egg from any point on 
the egg surface (sea urchins, starfish), even if the egg is surrounded 
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by a relatively tough membrane. Although spermatozoa appear to 
burrow through such external membranes in considerable numbers, 
only one effective sperm usually enters the egg cell itself. In other 
cases, spermatozoa can only enter the egg at one point (the micro- 
pyle) where there is a definite opening in the external egg membrane 
(insects, fish). It is interesting to note that in the nemertine 
Cerebratulus the spermatozoon can reach the egg at any point, 
although a well-defined micropyle is present (Wilson, 1925). The 
' burrowing’ powers of spermatozoa are often very remarkable; 
Gragg (1920) describes the migration of the sperm of Cimecc through 
chitin. An anomalous method of penetration through egg mem- 
branes has recently been described by Chambers (1923) in Asterias 
— ^where the sperm adheres to one of the fine protoplasmic filaments 
which protrude from the egg surface, and is passively drawn into the 
egg by the active contraction of this filament. The description given 
by Chambers has recently been criticised by Just (1929), who 
attributes the formation of protoplasmic filaments on the egg surface 
to abnormal conditions of fertilisation or to moribund egg cells ; this 
conclusion is not accepted by Chambers (1930). 

Visible phenomena of fertilisation 

The visible phenomena of fertilisation have often been described. 
Little can be added to the accounts given by Wilson (1925) and by 
F. R. Lillie (1919), and the following paragraphs are therefore largely 
restricted to points of theoretical interpretation. 

Many invertebrate eggs on contact with an effective spermatozoon 
exhibit two simultaneous changes in surface structure: (i) at the 
point of contact with the sperm, the egg surface is protruded to form 
a small conical projection — the fertilisation cone; (2) starting at the 
point of contact a definite fertilisation membrane is rapidly pushed 
outwards over the whole egg surface. Although these two pheno- 
mena occur together they can be regarded both morphologically and 
physiologically as separate processes. 

As far as the fertilisation cone is concerned, it is important to note 
that, in certain cases, it is formed before the egg cortex is in actual 
contact with the sperm head (see, however, Just, 1929). Thus in 
Nereis, ' a transparent fertilisation cone arises from the inner wall 
of the perivitelline space opposite the attached spermatozoon and 
extends across the space until it touches the membrane at the point 
of attachment of the spermatozoon. The perforatorium of the sperma- 
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tozoqn pierces the vitelline membrane and becomes imbedded in the 
cone.' These phenomena occupy about fifteen minutes ’ (F. R. Lillie. 
1919, p. 53). It is not easy to visualise the type of physical change 
responsible for the protrusion of the fertilisation cone, although the 
behaviour of the egg surface recalls to same extent the formation of 
food-cups in phagocytosis. Even when the fertilisation cone seems 
to form after the egg surface and the sperm head are in contact, it 
is hardly possible to believe that a localised disturbance of surface 
energy is alone responsible for the formation of the cone — ^for it 
must be remembered that the surface of the egg and probably also 
that of the sperm is of a rigid nature— and this rigidity must be lost 
before the sperm can be drawn into the fluid interior of the ego' 
(Gray, 1922 a). 

Concerning the formation of the fertilisation membrane, a con- 
siderable divergence of opinion has existed. There can be no doubt 
that the membrane in its final form has different properties to any 
membrane present prior to fertilisation: the fertilisation membrane 
of a sea urchin’s egg is a relatively tough and elastic structure which 
cannot be identified as such prior to fertilisation. There remain two 
alternatives : (i) the membrane is an entirely new structure formed 
subsequently to fertilisation, (ii) it is a modification of a membrane 
which is present before fertilisation. The first view was held by Harvey 
(1910, 1914), and is supported by the fact that if ripe sea urchin eggs 
are shaken into pieces, and the pieces subsequently fertilised — they 
will all form normal fertilisation membranes. This conception was 
supportedbyLoeb (1913), McClendon{1914), and Gray (1922a). It was 
at one time suggested that the fertilisation membrane is a precipitation 
membrane due to the interaction of the gelatinous envelope with an 
oppositely charged exudation from the egg surface. Both McClendon 
and Gray believed that no fertilisation membrane would form if the 
gelatinous membrane was removed prior to fertilisation. In point of 
fact, this conclusion was based on an error in experimental technique, 
for Hobson (1927) has shown conclusive^ that the failure to form 
fertilisation membranes observed by Gray wms due, not to the 
removal of the gelatinous envelope, but to the presence of hydrogen 
ions which had been used to dissolve this envelope prior to fertilisa- 
tion. It is clear that the formation of a fertilisation membrane is not 
dependent on the presence of the gelatinous capsule. According to 
Kite (1912) and Chambers (1921), it is possible to dissect aw'ay from 
the surface of the unfertilised egg a definite membrane, and if the 
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egg is then fertilised, no fertilisation membrane forms. It looks 
as though membrane formation represents the elevation of an 
existing membrane with accompanying changes in its mechanical 
properties. The extent to which the fertilisation membrane is ele- 
vated from the egg surface depends on more than one factor. Loeb 
(1908 d) showed that the membrane will collapse if proteins are present 
in the external medium, and from this he concluded that it was im- 
permeable to large molecules and ions. Since the osmotic pressure 
exerted by solutions of albumen in sea water must be comparatively 
low, the force required to distort the membrane even in its final 
tough state must be comparatively small. If, before elevation, there is 
set free between the membrane and the egg surface a colloid pos- 
sessing an adequate osmotic pressure, the membrane would be 
pushed out from the egg surface. Direct evidence of the existence 
of such a colloid is lacking, but it is significant to note that its 
existence would account for the fact that the degree of elevation 
depends on the concentration of hydrogen ions present in the ex- 
ternal medium, since the osmotic pressure of a colloid on the alkaline 
side of its isoelectric point would be depressed by the addition of 
hydrogen ions. The phenomena observed in Nereis (F. R. Lillie, 1911) 
are somewhat different from those in the sea urchin egg, but are not 
detrimental to the above interpretation. In Nereis the unfertilised 
egg is surrounded by two layers : (i) a delicate vitelline membrane, 
(ii) an alveolar layer or zona radiata. On fertilisation, fluid from the 
alveoli of the zona radiata passes through the vitelline membrane, 
and swells up to form a layer of jelly outside the egg. In this way 
the zona radiata is destroyed and remains as the perivitelline space. 
It looks as though the vitelline membrane were permeable to the 
colloids liberated by the zona radiata, and consequently the vitelline 
membrane is not lifted away from the egg surface as is the case in 
sea urchins. 

Considerable light was thrown on the mechanism of membrane 
formation in echinoderm eggs by the discovery that it can be 
evoked in unfertilised eggs by cytolytic agents such as saponin, 
soaps, xylol, or chloroform. We know that the elevation of the 
membrane only occurs in the absence of a critical concentration of 
hydrogen ions (Gray, 1922 a; Hobson, 1927) and that it will not occur 
if proteins are present in the external medium. The simplest picture 
of these facts is provided by the hypothesis that an active sperma- 
tozoon or a cytolytic ag^ent alters the cortical layers of the egg in 
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such a way as to liberate a negatively charged colloid whose osmotic 
pressure is sufficient to overcome the elastic resistance of the mem- 
brane lying at the egg surface. It must not be forgotten, however, 
that during this process the membrane itself undergoes a physical 
change and becomes thicker and tougher as long as free calcium ions 
are present (Gray, 1922 a). 

The fate of the male nucleus after its absorption into the substance 
of the egg has been described in detail by F. R. Lillie (1919), and by 
Wilson (1925), and the essential facts are summarised by Doncaster 
(1924). From a physiological point of view the movement of the 
sperm head within the cytoplasm of the egg presents a perplexing 
problem. The automatic locomotory activity of the sperm is un- 
doubtedly abolished before engulfment, and in most cases the 
tail does not enter the egg. In order to move against the viscous 
resistance of the cytoplasm the nucleus must be provided with, a 
definite amount of energy. Various theories concerning the source 
of this energy have been propounded. Roux (1887) suggested that 
the two pronuclei attracted each other, whilst others have postulated 
an amoeboid activity on the part of the nuclei. Alternatively, the 
male pronucleus has been denied any power of active movement. 
Chambers (1917) holds that the propulsive unit is the male aster 
which mechanically forces the two pronuclei into mutual contact 
(see p. 160). 

Physiological effects of fertilisation 

In 1895 Loeb showed that fertilised marine eggs fail to develop if 
deprived of oxygen; and subsequent observations have substantiated 
his conclusion. Seven years later, the same author (see Loeb, 1913) 
found that if unfertilised eggs are deprived of oxygen or exposed 
to a 0-0005M solution of KCN in sea water the eggs remained 
healthy and capable of fertilisation for a much longer time than 
is the case in normal sea water. Both before fertilisation, and 
after, the activity of the egg is therefore closely associated with its 
ability to absorb oxygen. That the nature of this association is 
altered by the act of fertilisation was first shown by Warburg (1908), 
who measured the oxygen consumption of Arbacia eggs before and 
after fertilisation; he found that after insemination the oxygen 
absorbed was six or seven times that prior to fertilisation. Essen- 
tially similar results were recorded by Loeb and Wasteneys (1911 a), 
and more recently Shearer (1922 a) has shown that this significant 
increase occurs immediately the sperm has effected the visible 
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Interspecific hybrids of echinoderms have been described by 
Shearer, de Morgan, and Fuchs (1918). By using a suitable concen- 
tration of sperm of Echinus esculentus^ E. acutus and E. miliaris it 
was found possible to fertilise eggs of any of these forms by the 
spermatozoa of any other and in every case larvae were obtained. 
Many of these hybrid larvae, however, failed to metamorphose. 

The most complete breakdown of specificity appears to occur in 
teleost fishes. According to Moenkliaus (1904, 1910), any teleostean 
egg can be fertilised by the speinn of any other species and Newman 
(1908-15) described widespread cross fertilisation between different 
species and genera of these fish. As is general in such experiments, 
a given species of egg was found to be more readily fertilisable by 
homogenic sperm than by sperm of a foreign species and the larvae 
so obtained were more viable. 

The ability of two species to cross fertilise is often more or less 
irreciprocal; for example, the sperm of E, miliaris enters the eggs 
of E. acutus with a greater frequency than does the sperm of 
E, acutus into the eggs of E. miliaris. Similar observations are well 
known not only among the generic crosses of echinoderms (Fischel, 
1906; Vernon, 1900; Baltzer, 1910; Tennent, 1910) but also in 
Amphibia (Born, 1888, 1886). Fischel (1906) found that the sperm 
of Arhacia will fertilise Strongylocentrotus eggs, but the sperm of 
Sirongylocentrotus will not fertilise Arbacia eggs. 

It is significant to note, however, that the block to fertilisation is 
often not absolute, but can be overcome by a variety of artificial 
means. Loeb (1903) found that the sperm of Asterias will not fertilise 
the eggs of Strongylocentrotus in ordinary sea water, but will do 
so if the sea water is made slightly hyperalkaline. Similar means 
of effecting fertilisation have often been employed in other cases 
with success (see Baltzer, 1910). The ability of a spermatozoon to 
enter the egg of a different species may also be influenced by the 
time which has elapsed after the egg has been laid. Thus the fresh 
eggs of Hipponoe or Toxopneustes are not fertilisable by the sperm 
of Ophiocoma or Pentaceros, whereas cross, fertilisation occurs fairly 
regularly after the eggs have remained in sea water for two or three 
hours (Tennent, 1910). Similarly the eggs of Strongylocentrotus can 
be fertilised by the sperm of Mytilus (Kupelwieser, 1906, 1909), if 
the eggs are treated with a high concentration of sperm for a pro- 
longed period. 

Although ripe sperm will always fertilise the eggs of the same 
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species if the form used has separate sexes, there are a number of 
cases known where no fertilisation occurs if both gametes are de- 
rived from a hermaphrodite individual. The best known case is that 
of the ascidian dona. As originally investigated by Castle (1896) 
and by Morgan (1904) the eggs of C. intestinalis appeared to be 
unfertilised by the sperm of the same individual, although readily 
fertilisable by sperm from another individual. Fuchs (1914, 1915) 
working at Naples found, however, that the degree of self-sterility 
in dona varied with the quantity of sperm used (see Table LXVIII). 

Self-fertilised eggs seldom developed normally. More recently 
Morgan (1923) found that the barrier to self-fertilisation is located 
in the membrane which surrounds the egg rather than at the surface 
of the egg itself. The mature egg is surrounded by a number of 

Table LXVIII 


Percentage of eggs fertilised 



Self-fertilisation 

Cross fertilisation 

5 drops 
sperm 

4 c.c. 
sperm 

5 drops 
sperm 

4 c.c. 
sperm 

Specimen A 

0 

58 

100 

100 

B 

0 

22 

100 

100 

„ c 

12 

100 

100 

100 


0 

56 

100 1 

100 


follicle cells which are bounded on the outer side by a thick mem- 
brane. After the egg is laid, it shrinks in size, so that the follicle 
cells lie freely in a space between the egg and the outer membrane. 
Morgan found that if the membrane be removed together with the 
follicle cells, the naked egg is readily fertilisable by the sperm from 
the same individual and concluded that the barrier to fertilisation is 
possibly due to the depressant effect of the perivitelline fluid on the 
activity of the sperm. 

The phenomena of hybridisation are of considerable interest in 
the interpretation of the facts of normal fertilisation. As far as can 
be seen, there are no general principles which can be used to indicate 
whether or not a particular cross fertilisation will succeed or not; 
consequently, it is not easy to see how the union between an egg and 
a spermatozoon can depend upon the presence or absence of a 
specific type of substance or molecule. If, on the other hand, a 
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spermatozoon activates an egg by setting up at its surface a critical 
but non-specific degree of physical potential between the point of 
contact and the remainder of the egg surface, it is not so difficult to 
understand how the sperm of a totally different species or phylum 
can at times activate a foreign egg, and how the possibility of activa- 
tion may be influenced by changes in external environment (see 
Gray, 1922 a). 

Monosjyermy and polyspermy 

Although a large number of active spermatozoa may burrow 
through the gelatinous coat of a sea urchin’s egg, only one of them 
enters the cell under normal circumstances. Monospermic fertilisa- 
tion of this type is characteristic of all small ‘alecithal’ eggs (sea 
urchins, worms, molluscs, and mammals). In the case of large and 
yolky eggs, how’-ever, a considerable number of spermatozoa may 
enter the ovum, although only one is incorporated into the zygote 
nucleus. The fate of the accessory spermatozoa varies (see Wilson 
1925): they may simply degenerate (insects, urodeles), or as in 
elasmobranch fish and birds, the accessory sperm nuclei may under- 
go active mitoses in the peripheral regions of the blastoderm before 
final resorption. 

In sea urchin eggs, polyspermy can readily be effected by 
experimental means. 0. and R. Hertwig (1887) showed that if these 
eggs are treated with dilute solutions of various drugs (nicotine, 
strychnine, morphine), or if the temperature is abnormally high, a 
number of spermatozoa will enter each egg. It is well known that 
polyspermy frequently occurs if the eggs are allowed to stand in sea 
w^ater for some hours, or if they are in any way unhealthy. These facts 
are not only of significance in respect to the physiology of fertilisation, 
but also illustrate a point of very general significance. We can hardly 
believe that nicotine, high temperature, and hydrogen ions (Smith 
and Clowes, 1924) all act on the egg in precisely the same manner 
— yet as far as polyspermy is concerned their effects are identical: 
in other words, the response of the cell to an abnormal environment 
is not necessarily specific — but may be of a generalised nature. We 
have to look upon the cell as a system whose equilibrium is very 
easily upset in a variety of ways. Whatever be the point at which 
a disturbance starts, the end result may sometimes be the same. It 
is possible to postulate a series of linked or consecutive reactions in 
which each member is eventually dependent on the activities of the 
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others, but we must be careful not to correlate too readilv the re 
spouse of a cell with the specific nature of an applied reagent 

It is important to note that when more than one spermatozoon 
enters a sea urchin’s egg, each male nucleus is capable of mitotic 
division (see fig. 53). The same phenomenon is observed in fro<^s’ 
eggs (Brachet, 1911; Herlant, 1911). 

It is by no means clear why only one spermatozoon will normallv 
eiiter small alecithal eggs. Earlier workers suggested that an effecbt-P 
block to other sperm was to be found in the fertilisation membrane 
but this can hardly be the case, since Driesch showed that mechanical 
removal of the fertilisation membrane did not allow additional 
sperm to enter. More recently Just (1919) has observed that after 
a sperm has attached itself to the surface of an egg of Echinarachnius 
no other sperm will enter even although it reaches a region of the 
egg from which the fertilisation membrane has not vet been elevated 
It is certain that whatever be the nature of the monospermie 
mechanism it must come into operation within a very short space 
of time after effective fertilisation has occurred. 

It will be recalled that F. R. Lillie has demonstrated the pro- 
duction of ‘fertilizin’ from ripe unfertilised eggs of sea urchins and 
of Nereis and has shown that this substance is not produced by 
fertilised eggs. Lillie regards this substance as an essential require- 
ment for fertilisation, so that if it ceases to be formed as soon as an 
effective sperm touches the egg, no other sperm Avill enter if fertilizin 
has been removed from the sphere of action. From this point of view, 
monospermy is due to a sudden cessation in the production of fer- 
tilizin. For this reaction Lillie put forAvard a model based on Ehrlich’s 
immunity chain reactions (see fig. 168), in Avhich the removal of 
fertilizin is effected by an occupation of the spermophile receptor by 
‘anti-fertilizin’ present in the egg, the anti -fertilizin being inactiA'e 
until one sperm has linked itself to one unit of fertilizin. Lillie’s 
conception has been criticised by Godlewski (1926), AA^ho questions 
the validity of regarding fertilizin as an amboceptor. It AA-ill be noted 
that Lillie’s scheme is probably intended to be little more than a 
pictorial representation of the facts, and is helpful in so far as it 
leads to a more complete understanding of experimental data. 
Similar principles to those suggested by Lillie haAm been applied by 
Godlewski to sperm antagonism. In 1911 Godlewski found that if 
the sperm of Chaetopterus is mixed Avith a suspension of spermatozoa 
of Sphaer echinus, the mixture fails to fertilise the eggs of Sphaer- 


2S 



434 THE GERM CELLS 

echinus. As far as could be determined, one Chaetopterus sperm will 
totally inhibit the fertilising power of four Sphaerechinus sperma- 
tozoa, but the effect in part depends on the absolute concentration 
of both constituents. Godlewski (1926) regards these phenomena as 
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■piV 168 Dia<»ram illustrating Lillie’s analysis of the mechanism of fertilisation. 
Sector ^the arrangement of substances immediately prior to fertilisation Sector 2, 
the mechanism of normal fertilisation. The sperm receptor unites with the spermo- 
nhiinroup of the fertilizin and the egg receptors with the ovophile group of the 
fertmzin owinvto the activation of the latter by the sperm (a). Molecules of the 
Sthfertilizin combine with the spermophile group of the adjacent fertilizin (6 and c) 
Sd thS present polvspermy. Sector 3, inhibition of fertilisation by loss of fertilizin. 
Seetm 4 antagonistic sperm action. The sperm receptors are occupied by groups 
cSt off by the foreign spermatozoa. Sector 5, hypothetical blocking of egg receptors 
srctoi 6 /inhibitor; acLn of blood. The ovophile group is occupied by derivatives 
from the blood. (From F. R, Lillie, 1914.) 


analogous to the agglutinating effect of foreign sera on blood cor- 
puscles, but it is not altogether clear that mutual narcosis by bUj 
plays no part, since when dead Dentalium sperm is added to Sphaer- 
echinus sperm the inhibitory effect is very markedly reduced. 
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The production of fertilizin from unfertilised eggs can be clearly 
demonstrated, as is also the fact that it is not produced bv fertilised 
eggs. If we admit that this substance is essential for fertilisation, the 
facts can be described in chemical terms without reference to im- 
munological symbols. We can postulate that if one unit of fertilizin 
reacts with a spermatozoon it will induce a secondary reaction which 
destroys all the remaining fertilizin in the egg. Since the egg is 
fertilisable at any point we must postulate a surface layer of fer- 
tilizin which is constantly changing by the outward diffusion of 
fertilizin into the water. Polyspermy can only be prevented by 
destroying this layer over the whole surface of the egg and there 
must therefore be a propagated disturbance which starts at the 
point of entry of the sperm and spreads over the whole egg surface 
at a rate which is sufficient to complete the destruction of fertilizin 
before another sperm can touch the egg surface. We can judge this 
conception in two ways: (i) we can use it as a definite working 
hypothesis and attempt to isolate the process of fertilizin destruc- 
tion, and to follow experimentally the propagated wave over the egg 
surface, or (ii) ^ve can accept it or discard it according to the extent 
to which it will, as a picture, faithfully portray the whole of the 
available facts. So long as we are dealing solely with the phenome- 
non of monospermy the facts can be expressed in at least three 
ways. We can use the nomenclature of immunology, of chemistry 
or of physics. In every case we are describing the same facts. 
In 1922 the author pointed out the difficulty of extending Lillie’s 
original conceptions to the facts of cross fertilisation and artificial 
parthenogenesis, and urged that these difficulties are diminished if 
we replace immunological or chemical conceptions by those which 
are primarily concerned with the distribution of free energy. For 
example, if we regard the surface of an unfertilised egg as an equi- 
potential surface which is excited at the point of entry of the sperma- 
tozoon, then a wave of negative potential will pass over the surface 
of the egg, if this surface is at all comparable to those of other 
excitable tissues. If we take a very moderate estimate of the speed 
of propagation from smooth muscle, then such a wave will complete 
its circuit over a sea urchin’s egg in 0*00001 second. If, on the other 
hand, the egg is large or if it is subjected to those reagents which 
reduce the rate of propagation of bioelectric disturbances, the chance 
of polyspermy is increased. Similarly, if the essential act of fer- 
tilisation is to be traced to a localised change in distribution of free 
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energy, it is not surprising to find that artificial fertilisation can be 
induced by mechanical puncture (see p. 443). Quite recently this 
conception has been criticised by Just (1928), who prefers to describe 
the facts in chemical terms. It is obvious that the essential difference 
between the physical and chemical conceptions of egg activation lies 
in how far we believe that specific substances must be present at the 
point of activation; if we ai'e inclined to attribute activation to a 
particular distribution of specific molecules, then the redistribution 
of energy becomes of secondary significance. All chemical changes 
probably involve such a redistribution but a purely chemical con- 
ception of fertilisation is not intimately concerned with this fact. 
On the other hand, if we attribute primary significance to the 
distribution of energy at the point of contact between the egg and 
spermatozoon, then the chemical mechanism responsible for this 
distribution need no longer be specific. We must choose between a 
physical and a chemical nomenclature solely according to the relative 
significance which we are inclined to attribute to energy changes as 
such. If we regard the existence of a critical and localised potential 
as the essential element of activation, the means whereby this is 
established are immaterial and egg activation becomes allied to the 
stimulation of a muscle or a nerve as R. S. Lillie suggested twenty 
years ago. 

The diphasic nature of natural fertilisation 

When an egg is fertilised in the ordinary way, a series of events 
can be traced from the moment the effective spermatozoon reaches 
the egg until the whole egg embarks on the cleavage cycles which 
ultimately yield a new organism. The first changes occur at the egg 
surface and only at a later stage is the whole cell engaged in the 
processes of nuclear division and cytoplasmic cleavage. 

By purely experimental methods it is possible to show that this 
long cycle of events can be divided into two natural groups, each of 
which is, to some extent, independent of the other. We know, for 
' example, that the increase in respiratory activity characteristic of 
the fertilised echinoid egg reaches its full level soon after contact is 
established between egg and sperm (Shearer, 1922 a); similarly the 
cortical changes at the egg surface are completed long before the 
first cleavage cycle begins. By centrifuging the sperm away from 
the surface of a> Nereis egg F. R. Lillie (1912a) enabled us to distinguish 
those rapid and cortical changes which are the immediate result of 



THE GERM CELLS 437 

fertilisation from those slower and subsequent changes which, are 
dependent on the penetration of the male elements into the cyto- 
plasm of the egg. In Nereis the sperm head does not penetrate into 
the egg until about forty-five minutes after the cortical changes are 
complete. By applying centrifugal force, Lillie found it possible to 
dislodge the spermatozoon from the egg surface. After return to 
normal conditions such eggs complete their maturation, but they do 
not segment. At the time when the zygote nucleus normally forms 
its first cleavage spindle, the female pronucleus of the centrifuged 
egg is clearly visible and appears to be of normal size; the nuclear 
membrane breaks down and chromosomes are formed in the normal 
manner; there is, however, in the absence of the sperm nucleus, no 
sign of spindle or of asters — and the chromosomes lie in a clear area 
of cytoplasm. Each chromosome splits longitudinally but the halves 
do not separate from each other. Finally, the chromosomes become 
scattered and degenerate as chromatic granules. As Lillie says: 
‘This experiment shows that the fertilisation process may be divided 
physiologically as well as morphologically into two main phases of 
external and internal phenomena. The external action is adequate 
to produce the cortical changes alone, but not the entire series of 
developmental events A similar conclusion may be drawn from 
the observations of Loeb (1913), who found that the sperm of 
Asterias can excite membrane formation on the eggs of Strongijlo- 
centrotus purpuratus in hyperalkaline water, although the sperm may 
not enter the eggs. Such eggs do not segment: if, by chance, the 
sperm does enter, normal segmentation follows. We can therefore 
assume that fertilisation effects two changes in the egg: (i) by a 
modification which starts at the cortex, the metabolism of the egg 
is increased to its full level: the egg is, in fact, activated; (ii) by 
penetration into the egg, the sperm nucleus with its attendant aster 
enables the egg to form the requisite machinery for normal cleavage. 
Further discussion of these two phases must be deferred until the 
facts of artificial parthenogenesis have been considered. 


Artificial parthenogenesis 

Although the main phenomena of artificial parthenogenesis have 
been known for thirty years they are none the less spectacular and 
none the less significant. Starting with Mead’s observations in 1895 
and culminating perhaps in Loeb’s later work, we can trace step by 
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step the discovery of a method whereby certain eggs can be induced 
to Lvelop normally without the intervention of the male gamete. 
The history of the problem has been given by Loeb (1918) and by 
Morgan (1927), and is an interesting example of the way in which 
biological discoveries may be made, although the primary effects of 
the reagents employed are shrouded in complete mystery and where 
the methods used are entirely empirical. 

The story starts with an attempt by Mead (1895) to excite cell 
division in unfertilised Chaetoptems eggs by treatment with those 
electrolytes which were known to affect the activity of a muscle 
fibre. Under normal circumstances the eggs of Chaetoptems give off 
their polar bodies only after fertilisation; Mead found that if the 
eggs are placed in sea water containing per cent, of potassium 
chloride the unfertilised eggs not only form their polar bodies but 
also form a polar lobe which is the natural preliminary to the first 
cleavage. The addition of potassium chloride to sea water not only 
altered the concentration of potassium but also altered the osmotic 
pressure. Shortly afterwards Morgan (1896) showed that if the un- 
fertilised eggs of Arbacia are exposed to hypertonic sea water for a 
limited period, then on transference to normal sea water artificial 
asters are formed in the cytoplasm and these may result in the 
formation of a functional amphiaster (see p. 162). In the same year 
Loeb succeeded in obtaining swimming plutei by exposing the un- 
fertilised eggs of Arbacia to 50 c.c. sea water -t- 50 c.c. MgClj 
for li to 2 hours and shortly afterwards the same author (Loeb, 
1900)”showed that the nature of the salt used is of minor importance; 
the essential factor concerned is osmotic pressure. In two respects 
the parthenogenetic development of such eggs was abnormal: the 
eggs developed without the formation of a fertilisation membrane 
and the larvae failed to swim freely. 

During their extensive studies of the effect of drugs on echinoderm 
mitosis, 0. and R. Hertwig (1887) found that when unfertilised sea 
urchin eggs are exposed to sea water containing chloroform, atypical 
fertilisation membrane is formed, and Herbst (1893) showed that 
benzol, toluol, and xylol have a similar effect. Loeb (1905) extended 
this list by using ethyl acetate, although the ester was found to 
exhibit a specific difference to chloroform or xylol in that the fertilisa- 
tion membranes only formed after the eggs had been transferred to 
normal sea wmter ; when so transferred, the eggs showed incipient signs 
of segmentation, although no larvae were obtained. Clearly the next 
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step towards effective parthenogenesis consisted in effecting mem- 
brane formation and afterwards exposing the same eggs to hypertonic 
sea water. The eggs so treated developed normally and free swimming 
larvae were obtained. In all his later observations Loeb replaced the 
esters of the fatty acids by the acids themselves, so that his final 
method is as follows. The eggs are placed in 50 c.c. sea water + 2*8 c.c. 
NjlO butyric acid for l|-4 minutes and are then transferred to 
200 c.c. of sea water. After 15-20 minutes they are placed in 50 c.c. 
sea water -f 8 c.c. 2^M NaCL After 30-60 minutes they are trans- 
ferred to clean sea water, and normal development (under favour- 
able circumstances) ensues. The precise details of this technique 
vary for different species of egg and for different batches of eggs. 
For British species reference should be made to Shearer and Lloyd 
(1913). 

As already mentioned (see p. 426), membrane formation can be 
effected by a variety of reagents; saponin, soaps, chloroform, fatty 
acids, salicylic aldehyde, foreign blood sera, metallic silver (Herbst, 
1904), but on the whole saponin or the lower fatty acids have proved 
to be the most convenient. As far as is known, there are only three 
substitutes for hypertonic sea water in the second phase of Loeb’s 
technique. These are (i) treatment with cyanides (Loeb, 1913), (ii) 
anaesthetics (R. S. Lillie, 1913), and (hi) low temperature (Loeb, 
1906; Hindle, 1910). 

The application of similar methods to eggs, other than those of sea 
urchins, has led to the production of artificially parthenogenetic 
larvae in a number of other groups (annelids, molluscs, sipunculids). 
Curiously enough, if such eggs respond at all, they do so with less 
difficulty than those of sea urchins. For example, when membranes 
are artificially produced in such forms as Poly me (Loeb, 1913), 
Thalassema or Asterias, normal larvae are obtained without sub- 
sequent treatment with hypertonic sea water. Similarly, partheno- 
genetic larvae can be obtained from the eggs of the molluscs Lottia 
or Acmaea by treatment with hypertonic sea water alone. It is 
quite clear that the two phases of Loeb’s final method are by no 
means universally necessary. An account of parthenogenesis in the 
various phyla of the animal kingdom will be found in the books of 
Loeb (1913) and Morgan (1927), and we may confine our attention 
to the general interpretation of the more outstanding facts. 

We have already seen that normal fertilisation can be divided 
into two series of events: those which result from adhesion be- 
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tween the egg and the spermatozoon, and those which follow the 
penetration of the sperm into the substance of the eggs. It is at 
once significant that Loeb’s final method of effecting artificial par- 
thenogenesis in sea urchin eggs also involves two processes one of 
which induces changes at the surface of the egg precisely similar to 
those induced by the contact of the egg with an effective spermato- 
zoon. That this morphological parallel has real physiological signi- 
ficance is shown by the fact that in both cases the respiratory activity 
of the eggs is raised to the same high level (Warburg, 1910), and in 
both cases there is a marked increase in the ability of the eggs to 
absorb water from hypotonic solutions (Lillie, R. S., 1916, 1917). It 
will be remembered that F. R. Lillie succeeded in removing the 
spermatozoon from the surface of a Nereis egg after the cortical 
changes were completed and showed that the nucleus formed a 
number of chromosomes but failed to form a normal amphiaster. 
Much the same phenomena are observed when the eggs of a sea 
urchin are treated wdth a membrane-forming substance such as 
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itself. In some way or other hypertonic sea water must provide this 
amphiaster. It will be recalled that in 1900 Morgan showed that 
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cytasters will form in fertilised eggs if these are subjected to hyper- 
tonic sea water and this process was clearly described in Sphaerechmus 
eggs by Wilson (1901). All authors are agreed that hypertonic sea 
water provides the astral machinery for normal cleavage, but two 
distinct views are held concerning the way in which this is effected. 
According to Herlant (1918-19) the final amphiaster is composed of 
two separate entities — the aster normally associated with the female 
pronucleus and a second aster which is an artificial product produced 
denovo in the cytoplasm by treatment with hypertonic sea water; this 
latter aster is comparable to the ‘ cytasters ’ originally described bv 
Morgan. If treatment with hypertonic sea water is too severe or too 
prolonged, more than one effective cytaster may co-operate with the 
female aster to form a polypolar spindle, and the resultant cleavage is 
abnormal. Herlant’s conclusions have, however, been criticised by 
Fry (1925). According to Fry, the amphiaster of artificially partheno- 
genetic eggs is the result of cleavage on the part of the single female 
aster, while artificial cytasters play no essential r61e ; Fry claims that 
when a cytaster is incorporated into the spindle, the eggs invariably 
develop abnormally. The present position is therefore uncertain, but 
it is interesting to note that in normal fertilisation it is undoubtedly 
the male aster which possesses the power of spontaneous division, 
whereas the female aster is unable to do so; that the first amphiaster is 
entirely derived from the male element by no means follows (see p. 1 61). 

A study of the sea urchin’s egg might justify the conclusion that 
artificial parthenogenesis can be effected when two reagents are used 
— one of which activates the egg, and the other completes the ma- 
chinery for normal cleavage. We must, however, remember that the 
earlier experiments of Loeb and others show that it is possible to 
obtain activation without the formation of a normal fertilisation 
membrane, and in the case of other eggs — notably those of the 
starfish and Thalasse^na (Lefevre, 1907) — normal development may 
result from treatment with activating agents only. Further it will 
be recalled that a limited number of sea urchin eggs can be activated 
by hypertonic sea water alone. The great variety of effective 
agents is, in fact, one of the most striking features of artificial 
parthenogenesis: mechanical agitation {Asterias, Mathews, 1901), 
{Nereis, Just, 1915 a), saponin (Loeb, 1913), alkalies (Loeb, 1913), 
and foreign blood sera {Dendrostoma, Loeb, 1907, 1908 a, 5). As far 
as we know, the final results are always the same, viz. activation 
and the production of a normal amphiaster — but the precise chain 
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of events leading up to this result may be different in different 
cases and it is dangerous to generalise. For example, according to 
Buchner (1911) in Asterias glacialis the amphiaster is derived from 
the female aster together with that of the second polar body whose 
nucleus sinks back into the egg and acts as a male pronucleus. 
Whether this is always the case is doubtful, for Tennent and Hague 
(1906) previously described the haploid condition of the partheno- 
genetic eggs of A. Forbesii, 

Theories concerning the underlying causes of artificial partheno- 
genesis have been numerous. As is well known, Loeb (1913) looked 
upon the process of membrane formation in the sea urchin egg as 
the incipient stages of a cytolysis which, if unchecked, would lead 
to the destruction of the whole egg. According to Loeb the activa- 
tion of an unfertilised egg is effected by the introduction into the 
egg of two substances: (i) a specific cytolysin, which brings about 
the destruction of the surface layer of the egg, and (ii) a substance 
which limits or controls the destructive influence of the cytolysin. 
This scheme is clearly based on the phenomena of artificial partheno- 
genesis of sea urchin eggs, and encounters difficulties when applied 
to the facts of normal and cross fertilisation. It is not easy to see 
why the sperm of Myiilus or a shark should be able to introduce a 
specific lysin into sea urchin eggs, whereas that of a neighbouring 
species of sea urchin cannot do so — further it is by no means clear 
that membrane formation and subsequent cytolysis are essentially 
of the same nature. If sea urchin eggs are placed in a suitable con- 
centration of saponin in sea water, membranes are extruded in the 
normal way within a few minutes, but there is a long latent period 
before any visible cytolysis occurs. Further, if hypertonic sea water 
antagonises cytolysis, it is curious that its effect on the egg can be 
induced before the egg is subjected to membrane -forming substances. 
As Loeb himself showed, the ' corrective ’ treatment with hypertonic 
sea water is in some cases unnecessary. Although Loeb advocated 
the conception of specific lysins which destroyed the surface layer of 
the unfertilised egg, there can be little doubt that he regarded such 
an effect essentially as a profound change in the physical state of 
the egg cortex. We have already suggested the advantages to be 
gained from this point of view : it is more flexible than the hypothesis 
of specific chemical reactions. Unless we regard the effect of 
mechanical puncture of an egg as specifically different to that 
produced by the localised injury of other excitable tissues, there 
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seems some a priori evidence in support of the physical hypothesis. 
Bataillon (1910—11) found that if eggs of the frog are punctiu’ed by 
a fine glass needle in the presence of lymph, a limited number will 
develop into normal tadpoles. Bataillon regarded this treatment as 
essentially diphasic— and comparable to Loeb’s technique; the 
puncture was equivalent to surface cytolysis and the action of the 
lymph to the corrective treatment of hypertonic sea water. Herlant 
(1911, 1918) regarded the amphiaster (found after puncture in 
lymph) as a product of two cytasters, which do not develop unless 
lymph is present. Whatever be the origin of the cleavage centres, 
it is difficult to resist the conclusion that the initial effect of me- 
chanical puncture is of a physical nature. 
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CHAPTER SEVENTEEN 

Gontmctile Cells 

Of the three maia types of contractile cells— muscular, vibratile. 
and amoeboid— the first has naturally received the greatest atten- 
tion. The essential properties of a contracting muscle are, however, 
best illustrated by multicellular units in Avhich the behaviour of 
individual cells can only be observed with great difficulty. Hence 
although it may be illogical to consider the problems of contractile 
protoplasm without extensive reference to the muscle cell we shall, 
in the present chapter, largely restrict attention to vibratile and 
amoeboid movements for in these cases the cell is the natural and 
obvious unit of observation. 

It may be useful to remember at the outset that the mechanism 
whereby a cell is capable of altering its form, and thereby performing 
mechanical work, is unknown even in muscle. There are two general 
theories. According to the first of these, the essential step in proto- 
plasmic contraction is a localised alteration in the distribution of 
water within the cell. Since lactate ions increase in number as a 
result of vertebrate muscular movements, and since there is a large 
amount of protein present in the cell, it is assumed that at the 
moment of contraction the affinity of certain protein surfaces for 
water is altered by the presence of hydrogen ions Avhich are produced 
with the lactate ions from a carbohydrate precursor. The presence of 
these hydrogen ions at the protein surface alters the degree of 
imbibition of this surface and so either attracts w'ater from other 
parts of the cell or allows water to pass from the protein elsewhere, 
according to the original charge on the protein. It is this movement 
of water which is associated with contraction and which is, of course, 
a process capable of generating very powerful forces. During mus- 
cular relaxation the hydrogen ions are remov'^ed from the surface 
by neutralisation and the status quo ante is resumed. This theory has 
been discussed at some length by Ritchie (1928), and can be applied 
in more than one form to all types of contractile movement. The 
alternative theory assumes that the hydrogen ions produce free 

29-8 
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energy by accumulation at a liquid interface, thereby changing its 
surface tension : whether or not such a system can produce sufficiently 
large forces to account for powerful muscular contractions is not yet 
clear (see Hill, 1925, 1926 6). Without considering such theories in 
any detail, it is perhaps worth noting that, at present, the funda- 
mental mechanism of muscular contraction is just as mysterious as 
that of any other expression of cell activity. Contractile protoplasm 
often has no optical structure and it is useful to remember that the 
concepts of intracellular membranes or of liquid interfaces are little 
more than morphological models of contractile systems which have 
replaced the cruder notions of ffibrillae’ and protoplasmic alveoli. 

It is not unreasonable to imagine that the underlying mechanism 
of contraction is essentially similar in all types of movement (see 
Gray, 1922; Pantin, 1923; Hill, 1926 5). The evidence to support 
such a view is entirely indirect and is largely based on a simi- 
larity of reaction of the three main types of movement to a 
variety of environmental changes (see Gray, 1924 and Table LXIX). 
Inferences of this type are clearly not without their dangers — ^for we 
may find that although the reactions of a muscle cell, a cilium and 
a pseudopodium are remarkably alike, yet they are due to cell 
properties which are not directly associated with contraction and 
with contraction alone. An example may make this clearer. Muscular, 
ciliary and amoeboid movement are all inhibited by an excess of 
hydrogen ions within the cell (Gray, 1922; Pantin, 1923). From this 
fact alternative inferences may be drawn : (i) the three types of 
contractile mechanism are directly inhibited by hydrogen ions, or (ii) 
contractile processes, like other expressions of the cell’s activity, are 
affected by any disturbance of the general electrol 3 rtic equilibrium 
of the cell when this is upset by the presence of additional hydrogen 
ions. Unless it can be shown that the contractile systems react to 
specific changes in environment in a way not exhibited by other cell 
activities, there will always be some doubt concerning the conclu- 
.sions drawn from observations of this type. A similar problem arises 
in connection with the role of glycogen in muscle and in ciliated cells. 
In certain types of vertebrate muscle there can be little doubt that 
this substance is the ultimate source of the energy for movement 
and that it gives rise to the lactic acid which is ultimately oxidised 
to carbon dioxide and water. Quite recently, Beutler (1929) has 
demonstrated the presence of glycogen in the ciliated cells of Acti- 
nians and it is tempting to assume that its r61e is comparable to that 
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Table LXIX. A comparison of the properties of muscular, ciliary 
and amoeboid movements. (See also Gray, 1924) 


Reagent 

Cardiac muscle 

Coelenterate muscle 

Cilia of Mytilus Amoeba Umax 

Tempera- 

ture 

Qifl for frog’s sinus 
(l-2°-30-5°) 31- 

1-3 

Oxygen consump- 
tion proportional 
to rate of beat 


Qiq for interval (0°- : interval 

32-5°) 3-1-3 -92 (0^-20=) 10-0-2-04 

Oxygen consimip- 
tion proportional 
to rate of beat 

Phases of heat ri- 
gor parallel to ; 
those of cardiac 
muscles 

Oxygen 

Oxygen is not di- 
rectly required by 
the contractile me- 
chanism, but is re- 
quired for pro- 
longed activity 


Same as for heart i Same as for heart 
muscle ; muscle 

pH 

Frog’s sinus active 
from pH 4-9-5 
Acids reduce speed. 
Excess of Ol-r re- 
duces rate of re- 
laxation 

Acids reduce rate 
of contractions 

Active between Active between 

pH 5-9-5 pH 5-S-O 

Acids reduce speed. 1 Acids reduce 
Excess of OH' re- ; speed of move- 
duces speed of re- i ment 
laxation 

Calcium 

Absence of Ca- 
causes stoppage in 
diastole 

Ca** can be par- 
tiallv replaced by , 

? Relatively insen- 
sible to absence of 

Ca** 

Absence of Ca- ' Absence of Ca- 
causes stoppage in ; causes stoppage 
relaxed position i 

Ca** can be par- Ca- can be par- 
tially replaced by I tiallv replaced bv 

OH^ I OH'^ 

Non- 

electrolytes 

Will beat normally in isotonic dextrose for a 

considerable period i 

Osmotic 

pressure 

The amplitude but 
not the rate is 
affected in hyper- 
tonic solutions 

No diminution in 
rate in hypertonic 
solutions, but form 
of pulsation is ir- 
regular 

The amplitude but Form of move- 
not the rate is i ment changed by 
affected in hyper- hypertonic solu- 
tonic solutions tions 

Veratrin 

Can replace potas- 
sium 

[Not known] 

Can replace potas- [Not known] 
sium 
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in vertebrate muscle. It is clear, however, that this conclusion must 
rest on the proof that the activity of the cilia leads directly to a 
decrease in the amount of glycogen present (see Gray, 1928, p. 108). 
In drawing comparisons between muscular and other contractile 
tissues a second type of difficulty arises. The contraction of a striped 
muscle fibre involves at least four processes, (i) The process whereby 
an applied stimulus excites a localised spot on the surface of the 
fibre, (ii) The process of contraction which occurs at the point of 



Fig. 170. Effect of hydrogen ions on velocity of movement 
of Amoeba Umax, (From Pantin.) 


stimulation, (iii) The process whereby a contraction started at one 
point is transmitted along the fibre, (iv) The process whereby an 
excited fibre, having carried out a contraction, is able to return to 
a state in which a second stimulus will initiate a second contraction 
similar to the first. Even in different types of muscle cell these four 
phenomena are not equally clearly defined. Thus, in a sinus pre- 
paration of the heart, the initiation of contraction occurs in the 
tissue itself or on its surface; it is, in fact, a spontaneous event. 
When an attempt is made to compare the whole cycle in a muscle, 
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in a eilium, and in a pseudopodium it is not easy to make sure that 
a given environmental change is affecting the same point in each of 
the three types of tissue. The physical nature of excitation, inhibi- 
tion and conduction are by no means clear; at the same time when 
we mechanically inhibit a ciliated comb of Bevoe^ and compare it 
with precisely the same phenomenon in the muscular dorsal fin of 
it is difficult to believe that the physiological mechanism is 
different in the two cases, however different the morphological 
form of the two systems. It is largely a matter of personal opinion 
how far a working hypothesis is valuable or otherwise and, if we bear 
in mind the difficulties, there is much to be said for exploring the 
possibilities of a mechanism common to all types of contractile cells. 


Amoeboid movement 

The visual phenomena of amoeboid movement have been ex- 
tensively described by Schaeffer (1920), whose textbook together 
with the original papers of Pantin (1923-30) includes most of our 
knowledge of this particular type of contraction. Only a very brief 
consideration of the main phenomena is given below. 

When an amoeba of the proteus type is in motion, endoplasmic 
granules can be seen streaming forward in the direction of the 
advancing pseudopodium; inclusions within the superficial ecto- 
plasm are, on the other hand, motionless. In the great majority of 
cases there is no backward current of endoplasm. This fact is of 
importance for it indicates that, during motion, the ectoplasm is not 
a rigid inert sheath (see p. 456), but represents a phase which is 
undergoing a constant change in form and distribution as long as 
motion persists. When a pseudopodium is being formed the ecto- 
plasm must either be exhibiting plastic flow or must be actively 
expanding; when a pseudopodium is being withdrawn, the ectoplasm 
must be flowing in the direction of movement or be in an active state 
of contraction. So far as is known, the thickness of the ectoplasmic 
layer does not alter materially when such movements occur, and we 
must therefore assume that when a pseudopodium is advancing, 
ectoplasm is constantly being generated from endoplasm. W^hen the 
pseudopodium is being withdrawn ectoplasm is being converted into 
endoplasm. In Amoeba Umax this process of ‘ endoplasmic/ectoplastic 
conversion’ is somewhat similar, for as shown by Biitschli in 1880, 
endoplasm is probably converted into ectoplasm only at the anterior 
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at rest. According to Schaeffer (1920), when an Amoeba is suspended 
in a jelly, so that no locomotion occurs, the endoplasm continues to 
stream forward, and under these circumstances there is a backward 
current of ectoplasm which completes the path of circulation. This 
phenomenon is comparable to that which normally occurs in A . blattae 
(fig. Ifl t), in Paramecium or within a plant cell, although m these 
cases the ectoplasm itself does not move, and the backward current, 
like the forward current, is restricted to the endoplasm. Two alter- 
natives seem possible. Either the source of energy in all cases lies in 
the endoplasm, or the endoplasmic streaming of A. Umax or 
A. proteus is of a different nature to that in other forms. 

Typical endoplasmic streaming or cyclosis was investigated in 
some detail by Ewart (1908) and more recently by Schaeffer (1920). 
In plant cells (e.g. of filamentous algae such as Chara and Nitella) 
the superficial layer of ectoplasm 
is rigidly attached to the cellulose 
wall and takes no part in the move- 
ment. As in Amoeba, the velocity 
of streaming is greatest in the cen- 
tral layers of the endoplasm and 
least at the point of junction of 
endoplasm with ectoplasm ; while 
at the inner surface of the endo- 
plasm some degree of movement is 
exhibited by the adjacent layers of 



the cell sap (see fig. 172). It was Fig. 172. Section of a cell of Chara 

teefacts-whichledEwarttocon. 

elude that the energy for move- c, endoplasm; d, cell sap. The arrows 

ryiA-n+ WQQ lu the endo- indicate by their length the relative 

ment was developea in tne enao of streaming. (From Schaeffer.) 

plasm. A similar type of movement 

has been described by Schaeffer (1920) in Frontonia leucas (fig. 173). 
This ciliate feeds on filamentous algae. * As soon as the tip of a fila- 
ment is well in the mouth and in contact "with the endoplasm. 


streaming begins in the endoplasm in the region of the mouth and 
takes a direction directly back against the aboral wall, almost, if not 
quite perpendicular to the longitudinal axis. This stream of endo- 
plasm carries the filament back to the aboral wall, sometimes pushing 
out the wall a considerable distance. Presently, however, the filament 


is carried posteriorly along the aboral wall by the streaming proto- 
plasm, which has by this time become rotational, and after reaching 
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the posterior end the filament is brought up along the oral wall. The 
rotational streaming continues until the entire filament is wound up ’ 
(Schaeffer, p. 98). This description of streaming protoplasm suggests 
that the active centres of movement lie in the endoplasm and that 
the ectoplasm is passively stretched to accommodate the volume of 
the ingested filament. It is, however, possible that an active ex- 
tension of ectoplasm occurs which sets the endoplasm in motion and 
which sucks the filament into the interior of the cell. On the other 
hand, the marked similarity of the rotational type of streaming to 
that seen in plant cells suggests that the ectoplasm may be an inert 
rather than an actively contractile sheath. 



Fig. 173. Ingestion of an algal filament by Frontonia leucas. a, beginning of ingestion; 
note endoplasmic streaming in front of the tip of the filament; h, almost two com- 
plete coils of the alga have been rolled into the Frontonia by rotary streaming, note 
absence of streaming at the centre ; c, ingestion of a double strand of algal filament. 
(From Schaeffer.) 


It is perhaps worth while remembering that some pseudopodia are 
purely ectoplasmic and contain no endoplasm — ^this is the case in 
some leucocytes and possibly also in Amoeba radiosa. Such pseudo- 
podia are markedly contractile. Pseudopodia of this type probably 
bear some relationship to the surface films characteristic of leuco- 
cytes. These films have recently been examined by Faure-Fremiet 
(1929) ; they are often not more than 0*25 /x in thickness and may be 
as thin as 0-1 fi. These figures give some conception of the small 
dimensions of the fundamental units of contraction. 

The various theories of amoeboid movement have been summarised 
by Schaeffer (1920) ; it is, however, of interest to give some indication 
of the trend of modern thought. We have seen that Rhumbler 
attached significance to the process of conversion of endoplasm into 
ectoplasm and vice versa^ and that this point of view is maintained 
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by modern authors. Jennings (1904, 1915) on the other hand, denied 
that this cyelical process proceeds continuously. He observed that 
a foreign particle attached to the upper surface of A. proteus was 
carried forward to the anterior end as the animal moved, it then 
passed down to the undersurface where it remained fixed in reference 
to the substratum until the Amoeba had passed over it, after this it 
was again carried forward to the anterior end. Jennings concluded 
that an Amoeba ‘ rolled ’ forward much as though it were a fluid mass 
enclosed within distensible walls. These results are difficult to har- 
monise with Dellinger’s (1906) observation that pseudopodia can be 
pushed out independently of a substratum, and mth the work of 
Schaeffer, who has shown that the behaviour of a particle attached to 



Fig. 174. Motion of Amoebae relative to the substratum and to an attached particle. 
In a the particle is moving at the same speed as the organism ; in h the particle is 
moving forward over the surface of the Amoeba^ e.g. A, discoides; in c the particle 
is stationary relative to the substratum, and is moving backwards relative to the 
surface of the organisms ; this occurs when attached particles are heaw; d, movement 
of ectoplasm in an Amoeba suspended in a jelly. The vertical lines represent a fixed 
point in the environment. (From Schaeffer.) 


the surface by no means always conforms to Jenning’s description 
(see fig. 174). In some cases, it seems that the mechanism responsible 
for the movement of surface particles bears no real relationship to the 
mechanism of amoeboid locomotion, for according to Schaeffer (1920) 
there may exist a peripheral flow to the anterior end, whereas a 
particle motionless in the underlying ectoplasm may be carried in 
the opposite direction. 

One of the simplest types of amoeboid movement is that displayed 
by Amoeba Umax, which can be regarded as obtruding a single per- 
sistent pseudopodium at the anterior end. In this type the endoplasm 
and its included granules stream towards the advancing pseudo- 
podium (fig. 175), whose anterior end consists of clear fluid ectoplasm 
(Pantin, 1923). The endoplasmic granules flow forward until they 
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reach a position just behind this hyaline cap — ^there they are 
checked as though there were a barrier to the entrance of the ecto- 
plasmic area. ‘ The ectoplasm at the sides of the clear anterior region 
seems to become more rigid. Since the ectoplasm in the middle and 
that which is anterior is advancing continuously, this solidification 
at the sides results in the formation of a tube of gelated ectoplasm. 
As the advancing pseudopodium continuously adds fresh solid ecto- 
plasm, each portion of this tube, once formed, moves further and 
further back towards the hind end of the amoeba’ (Pantin, 1923, 
p. 30). Pantin concludes that the tube of gelated ectoplasm con- 
tracts continuously, and at the hind end is contracting as fast as the 
fresh ectoplasm is formed at the anterior end so that there is a con- 
stant volume of ectoplasm present during motion. The interpretation 


Contracting 
ectoplasmic tube 

Area oflig'uejcuction 


Tail'- 

piece 



Gelatin^ ectophxsm 

Barrier^’ to granules 

■Fluid ectoplasm 

> Direction 
of motion 


Fig. 175. Diagram illustrating the mechanism of movement of A, Umax. The 
mechanical energy is generated in the ectoplasm while the endoplasm flows forward 
passively. (From Pantin.) 


given by Pantin is, as he says, essentially the same as that suggested 
by Rhumbler, and opposed to those of Jennings or Dellinger: 
Rhumbler, however, described a reverse current of endoplasm or 
ectoplasm, whereas according to Pantin there is no posteriorly 
directed flow of ectoplasm. Relative to the substratum a particle 
included in the ectoplasmic sheath is motionless ; as the endoplasm 
flows forward, however, the particle comes to lie nearer and nearer 
to the posterior end of the Amoeba (fig. 176), where eventually it 
becomes incorporated into the endoplasm owing to the conversion 
of ectoplasm into endoplasm. In A. Umax, therefore, we may regard 
endoplasmic flow as the direct result of ectoplasmic contraction, but 
the whole cycle of events involves (i) the formation of liquid ecto- 
plasm from endoplasm at the anterior end of the animal, (ii) solidi- 
fication of ectoplasm as it is forced away from the anterior end, 
(iii) the power of the ectoplasm to contract and force endoplasm 
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forwards, (iv) the liquefieation of ectoplasm at the posterior end and 
subsequent conversion into endoplasm. 

If the ectoplasm is actively contraetile it is of interest to consider 
how far this process is comparable to the other types of contractile 
mechanisms. By staining certain types of Amoeba with neutral red, 
Pantin inferred that there is some indication that the ectoplasm is 
more acid in the neighbourhood of an active pseudopodium than is 
the case elsewhere. Whilst it is, admittedly, somewhat difficult to 
estimate the precise significance of his observation, Pantin concluded 



A, Four successive drawings to show 
migration of particles (P and D) to the 
hind end of Amoeba Umax, 



B. Migration of a retracting pseudopodia 
h to the hind end of an advancing 
Amoeba. Direction of movement is 
towards a. 


SvJtsbrat'wm 



C. Successive positions of a single large particle embedded 
in the ectoplasm of Amoeba Umax, 

Fb. 176. A-Ci figures illustrating the progressive changes in position of particles or 
pseudopodia on an Amoeba Umax. In A and C note that as the Amoebae moves for- 
ward so the attached particles (w^hich are stationary relative to the substrate) come 
to lie nearer to the posterior end of the organism. (From Pantin.) 

tentatively that the normal contraction of ectoplasm is due to the 
production of an acid : this leads to an imbibition of water with local 
swelling. In this way a pseudopodium is protruded. In order to 
account for the subsequent solidification of the ectoplasm it is 
assumed that the acid raises the surface tension of the ectoplasm, 
thereby leading to the condensation of any substances which will 
decrease the free surface energy. As the gelated tube passes back 
towards the hind end of the Amoeba, the acid is neutralised, the 
imbibed water is lost, and so contraction occurs. 

It would be difficult to test this hypothesis by direct observation, 
but it is of definite interest since it raises the question as to how far 
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all types of protoplasmic motion are of the same fundamental nature 
(see p. 452). This general aspect of amoeboid movement has been con- 
sidered by Pantin (1928, 1930 a-c). Roughly speaking, the evidence 
is based on the reaction of Amoeba Umax to acids (fig. 170), oxygen, 
and narcotics. Each of these distinctive reagents, together with others 
of a minor nature, exert on amoeboid movement effects which are 
directly comparable with their effects on muscle and on ciliated cells. 
Pantin (1930 a) has recently shown that a marine Amoeba of the Umax 
type will continue to move when oxygen is completely absent from its 
environment, although movement gradually decreases in speed, and 
ceases after 6-12 hours (fig. 177). The actual cessation of movement 



Fig. 177. Velocity of movement of Amoeba during aiiaerobiosis 
and recovery. (From Pantin.) 


is abrupt and is accompanied by morphological changes and ^by an 
apparent rise in the viscosity of the protoplasm. This is clearly 
analogous to the effect of oxygen lack on muscle and on cilia. Pantin 
concluded that the effect is exerted on the cell either by an exhaustion 
of an essential precursor substance of unknown nature or, more 
probably, by the accumulation of products which are normally 
removed from the cell when oxygen is present. If an Amoeba has been 
subjected to oxygen lack, it will recover if oxygen is again provided 
in the environment. It is interesting to note that these Amoeba are 
insensitive to changes in oxygen tension until the latter falls below 
30-40 mm. Hg (fig. 178) (Pantin, 1930 &), and that the resultant 
phenomena are to be associated with the pressure of the oxygen 
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present rather than with the total amount of oxygen which can 
diffuse into the cell in a given time. This fact, together with the 
effect of cyanides and anaesthetics, is explicable by the hypothesis 
that an essential part of the cycle involves the presence of cyto- 
chrome or of a similar body (Pantin, 1930 c). It is clear that the 
resemblance between the amoeboid cycle and those of muscle and of 
cilia is quite well defined, although at present we cannot demon- 
strate experimentally that amoeboid movement automatically in- 
volves an increase in oxygen consumption by the cell nor do we know 
the nature of the substance which provides the energy for movement. 



Fiv* Percentage mean velocity of Afnoeba after eight hours 
"^in sea- water at various oxygen pressures. (From Pantin.) 


Vibratile movement^ 


The small size of even the largest flagella and cilia not only limits 
the methods available for their study but raises difficult problems of 
dimensions. Cilia, which appear under the microscope to be movmg 
with extreme rapidity, are actually moving with a very low velocitj^ 
It is important to realise that all ciliary movement is essentially 
slow, although it may produce results superficially similar to those of 
more rapid muscular movement. In terms of their own dimensions 
a flagellated spermatozoon is probably movmg at approximately the 
same relative speed as an average fish, but the absolute velocity of 
the latter is very much greater. 


1 For a fuller account of vibratile movement reference may be made to 
Gray (1928) from which the following account has been extracted. 
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One theory after another has been advanced to eludicate the 
essential mechanism of a cilium, but no convincing correlation has 
yet been made between the structure as seen under the microscope 
and what is known of the changes occurring in the living cell. When 
we remember that really nothing is known of the machinery whereby 
a muscle develops a tension when it is stimulated, it is not surprising 
that the ciliary mechanism also remains obscure. The morphological 
structure of ciliated cells is peculiarly constant no matter what is the 
organ or the animal in ivhich it is found (fig. 179 A and B), For the 
detailed morphology of the ciliary mechanism reference should 
be made to suitable monographs (Erhard, 1910; Prenant, 1913; 
Saguchi, 1917). 


Table LXX. (See Tabulae Biologicae, vol. iv) 


Organism 

Absolute speed 
of movement 
(per sec.) 

Relative speed 
= multiple of 
organisms’ 
length in 

1 sec. 

Bacillus subiilis 

10 ijl-15 11 

5 

Spirillum volutans 

110 li 

8*5 

Euglena sp 

115-235 ix 

3-5 

Paramecium 

1-3 mm. 

6 

Spirostomum ... 

600 fx 

0'6 

Halteria saltans 

2-3 mm. 

77 

Amoeba 

0-5 ijl~ 2‘5 fi 

002 

Alectrion (ciliary movement) 

2-5 mm. 

0-01 

Fish 

50-200 cm. 

1-4 

Spermatozoa (fish) ... 

33-180 IX 

2-8 

Man (walking) 

150 cm. 

0-75 


In its simplest form the vibratile element shows no optical struc- 
ture even under polarised light. When viewed by transmitted light 
or on a dark background both cilia and flagella are optically homo- 
geneous. When viewed under polarised light an apparent doubly 
refracting property is observed (Engelmann, 1898), but there can be 
little doubt that the phenomenon is due to diffraction at the surface 
of the flagellum or cilium and not to its internal structure (MacKinnon 
and Vies, 1908). 

It has been shown that nearly all the larger cilia occurring in 
nature can be resolved into a number of smaller units each of which 
possesses the power of movement as long as it is attached to the cell. 
According to Taylor (1920) the cirri of Euplotes patella are to be 
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regarded, as a series of vibratile filaments embedded in a viscous or 
sticky matrix. On the other hand Carter (1924) showed that the 
laterofrontal cilia on the gills of Mytilus are normally composed of 
a series of triangular plates in close contact with one another, but 
no matrix appears to be present. After displacement from their 



Fig. 179^. Six laterofrontal cells ot the 
gill of Mytilus ed'iiUs. u, Nucleus ; /, com- 
mon fibril; r, I, ciliary rootlets. (After 
Bhatia.) 





Fig. 180. Laterofrontal ciliiim oi Mytilus 
distorted by a needle {p). The whole 
cilium is composed of a series of tri- 
angular platelets similar to that seen to 
the left of the needle. (After Carter.) 



/Cilia 

^Basal 

granules 



Fig. 179 B. Side view of cells of t\T3hIo- 
sole of Anodon. (From Giirwitsch.) 


normal position individual plates readily regain tkeir normal posi- 
tion and beat in unison. A comparable structure occurs in the 
‘undulating membrane’ {membranella) of Blepharisina (Chambers 
and Dawson, 1925). On puncture with a needle (fig. 181) this mem- 
brane at once splits along a line running through the puncture and 
part of the membrane breaks into a series of very fine cilia w^hich 
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beat out of unison. As soon as the needle is removed from the mem- 
brane the row of isolated cilia quickly reforms an apparently homo- 
geneous membrane, the elements of which beat synchronously. 

The nature of the ciliary mechanism has long been the subject of 
morphological discussion, and no serious attempt will be made to 
gather together the numerous theories which have been put forward. 
Adequate reviews from the historical and other points of view have 
been^made by Putter (1903), Erhard (1910), and Prenant (1913). 


n 

\ 

/ 

Fig. 181 . Microdissection of the membranella of Blepharisma undulans. \Vhen the 
membranella is held by the needle, as in a, it splits at the point of contact, and the 
region beyond the needle breaks into a series of very fine cilia which beat out of 
unison. On removing the needle the cilia rapidly unite again {d-f) to form an ap- 
parently homogeneous membrane. (After Chambers and Dawson.) 

There are, however, a limited number of facts which are of value, 
and which must eventually be woven together into a complete 
theory. In the first place, it is certain that the motivity of the 
cilium is independent of the cell structure as a whole. Peter (1899) 
was the first to show that when a ciliated protozoon is crushed into 
quite small fragments the cilia continue to beat as long as they are 
in organic connection with a fragment of cytoplasm. Erhard (1910) 
and Gray (1922) have shown that profound changes can occur in the 
proximal cytoplasm and in the nucleus without entailing a cessation 
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of ciliary movement. According to Engelmann (1898) enucleated 
spermatozoa exhibit active movement. There is, therefore, general 
agreement that the whole of the essential ciliary mechanism lies at 
the distal end of the cell. Beyond this point there is marked diver- 
gence of opinion. Peter observed that cilia completely isolated from 
the distal protoplasm are motionless, and since basal granules are 
always present in this region it may not unreasonably be suspected 
that they are the kinetic centres of the system. Engelmann (1898) 
stated that if the tail of the frog’s spermatozoon be cut off from the 
‘middle piece’ all movement ceases, whereas if the cut is made 
between the nucleus and the ‘middle piece’ active movement con- 
tinues. A similar state of affairs can be observed in the lateral 
epithelium of the gills of Mytilus (see fig. 182) where the cilia can 
be stripped away from the cells, leaving the basal granules behind; 
such cilia are always motionless. 


active cilia 


K— motionless cilia 


^ry^basal granules 


Fig. 182. Excised strip of lateral epithelium of Mytilus (diagrammatic). Note that 
the cilia are active as long as they are in organic communication with the cells. 



The views of Peter received considerable support from the so-called 
‘Henneguy-Lenhossek theory’ of the origin of the basal granules. 
According to these authors the basal granule of a cilium is homo- 
logous and sometimes identical with the centrosome of cell division. 
Just as the centrosome was regarded as the kinetic centre for nuclear 
division, so in its rdle as basal granule it was the kinetic centre for 
ciliary movement. It is impossible to discuss in any detail the cyto- 
logical evidence in support of these conclusions, although it is in 
some cases remarkably strong. The latest adherents to Henneguy’s 
view are Jordan and Helvestine (1922), who claim that the ciliated 
cells in the epididymis of me rat divide amitotieally because the 
division centres of the cells are functioning as basal granules (see 
also p. 164). 

The movement of an individual cilium 

When observed under the microscope most cilia appear to be 
moving with very high velocity, and it seems difficult to accept the 
statement that even the most rapid types seldom attain a velocity 
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of twenty feet per hour. A simple calculation, however, rapidly 
disposes of any conception of a cilium as a rapidly moving unit. Let 
the length of a cilium be 10 /x and let it oscillate through an ampli- 
tude of 180° twelve times every second; the total distance travelled 
in 1 second by the tip of the cilium is therefore 

12 [tt (10 /x)] = 875 /X (approximately). 

According to Kraft (1890), the velocity of the effective stroke is five 
times that of the recovery stroke so that during the former phase the 
tip of the cilium will move with an approximate velocity of 1 mm. 
a second or 12 feet per hour. Without allowing for changes of 
velocity during the complete cycle, Bidder estimates the velocity of 
the tips of the flagella of sponges at 14 feet per hour. ' We forget, as 
we look through a microscope. . - that though distance is magnified, 
time is not magnified’ (Bidder, 1923, p. 302). It must not be for- 
gotten, however, that these slow linear velocities are associated with 
angular velocities of quite a high order; in the first example given 
the cilium is moving with the angular velocity of a flywheel running 
at 860 revolutions a minute. 

The difficulty of observing the beat of a healthy cilium under the 
microscope is not so much due to its apparent high linear velocity 
as to the inability of changing the axis of the human eye at a fre- 
quency equal to the frequency with which the cilium changes its 
direction of movement. This difficulty can be overcome by observa- 
tion in intermittent light of suitable frequency (Gray, 1930). 

Various modifications of vibratile movement have been known for 
many years (Valentin, 1842), but it is only comparatively recently 
that any detailed description has been given of the behaviour of 
those units (excluding flagella) which are known to perform a con- 
siderable amount of mechanical work. 

The first of the more modern observations are those of Williams 
(1907). Unfortunately the parent organism is only described as ‘an 
unidentified but common larva of a protobranch mollusc’ from 
Narragansett Bay. The large velar cilia (see fig. 183), by which 
the larva moves, are arranged along the edges of an overhanging 
groove, each cilium being somewhat curved with its concave face 
towards the side of the effective stroke (fig. 183, .4). This position 
can be readily observed whenever the animal comes to rest, but the 
details of the beat can only be seen in larvae of reduced activity 
(e.g. when under a coverslip). In its resting position (fig. 183, A) the 
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cilium lies wholly outside the adjacent groove and the first phase of 
the beat is such that the base of the cilium moves backwards to fit 
quite closely into the groove (fig. 188, B). This is the end of the 
backward or preparatory movement. The forward stroke of the 
cilium now takes place and is divided into two distinct phases: 
(i) the base of the cilium begins to move upwards and forwards, 
whilst the overhanging lip of the groove prevents the movement of 
the cilium as a whole (fig. 183, C and Z)) ; (ii) as the forward movement 
of the base continues the more distal part of the cilium eventuallv 
ceases to be crimped against the edge of the groove, and is suddenly 
released; it flies forward, with a very rapid effective stroke, far pasd 



Fig. 183. A, Position of rest of velar cilium as described by Williams. B, Backward 
preparatory stroke; note that the cilium fits into the velar groove. C, b, Opening 
phases of forward effective stroke; note that the cilium is crimped against the side of 
the groove. In D the cilium has just released itself from the groove and rapidly flies 
forward to position E. From E it swings back to the position of rest at A, The cilium 
is therefore more flexible during the backward preparatory stroke than during the 
forward effective stroke. 

its position of rest (fig. 183, iS). Finally the cilium swings back to 
its position of rest and the cycle is repeated. 

The essential features to note are that (i) during its preparatory 
stroke the cilium accommodates its form to that of the groove 
and is obviously very easily flexed, (ii) during the forward stroke it 
is not so easily flexed but offers considerable resistance to the edge 
of the groove. 

The form of the beat of the frontal and abfrontal cilia on the gills 
oiMytilus was described by the author (Gray, 1922, 1930, fig. 184). 
In this case the difference in flexibility during the t'wo phases of the 
beat is very clear. During both the effective and recovery strokes 
the cilium is moving against the resistance of the water; but during 
the effective stroke the cilium behaves as a fairly rigid rod fixed at 
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one end to the cell and its tip traces an arc of 90°; during the 
recovery stroke on the other hand the cilium moves backwards as 
a limp thread along which a backward stress is passing from base 
to tip. Both effective and recovery strokes take place in the same 
plane. These observations were confirmed by Carter (1924) for the 
large abfrontal cilia on the gills of Mytilus, who showed that during 
the effective beat the whole cilium is rigid throughout its whole 
length: during the recovery beat the cilium is limp and frequently 
slips below the microdissecting needle which is used as an obstruc- 
tion. According to Carter these properties remain for some time 



Fig. 185. Simplest type of movement of flagellum of Monas during rapid forward 
movement, a, 1-7, Successive stages in preparatory stroke. Note the flexure begins 
at the base and spreads to the tip. b, 8-13, Successive stages in the effective stroke. 
Note the rigidity of the cilium. The arrow indicates the direction of movement of the 
organism. (After Krijgsman.) 

after the cilium is brought to rest, for they can be observed by 
moving the cilium artificially through the two phases of its beat. 

Recently Krijgsman (1925), using dark ground illumination, has 
analysed the movements of the flagellum of Monas. This protozoon 
can move forward either slowly or rapidly, it can move backward, 
and it can move laterally. The simplest movements of the flagellum 
during forward movement are shown in fig. 185. It will be noted 
that the form of the flagellum during the two phases of the beat is 
essentially the same as that of the frontal cilia of Mytilus. The 
recovery stroke (fig. 185, a) takes place by means of abending move- 
ment which begins at the base of the flagellum and spreads to its tip. 



Kg. 184. Ten successive photograplis of a single beat of an abfrontal cilium ot Myiihis. 1 hoto 
gTaphs 1-5 show the form of the recovery stroke; photographs 6-10 show the form of the eiiective 
stroke. Interval between each photograph 0-05 second. (Gray 1930.) 
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In tlic effective stioke tlie flngellum moves back as a more or less 
rigid structure (fig.‘ 185,' h). 

The observations of van Trigt (1919) show very clearly how the 
flagellum of Spongilla may also exhibit marked variations in the 
form of movement, and how these variations are associated with 
varying degrees of activity (fig. 186). 

When moving with its normal rapid frequency, the flagellum of 
Spongilla exhibits a series of waves whose amplitude^ and wavelength 
are both small. These waves pass from the base to the tip of the 
flagellum with considerable velocity and a current of water is thereby 
driven forwards from the cell in a direction parallel to the long axis 
of flagellar movement (fig. 186,. a). Soon after isolation from the 


f 



choanocyte of Spongilla. The collar is entirely retracted. The arrows indicate the 
direction of the water currents : the figures indicate the times of observation, a. Rapidly 
moving flagellum immediately after isolation of cell; 6, two minutes later, note 
increased amplitude of waves; c, five minutes after isolation; d, fifteen minutes after 
isolation ; e, the flagellum at rest. Note the flexed position of rest, (After van Trigt.) 

animal, however, the activity and frequency of vibration decrease, 
and at the same time the amplitude and the wave length of the 
individual waves increase (fig. 186, b and c). Eventually the wave 
length and amplitude of the slowly moving flagellum become so 
large that the undulatory type of movement appears to pass into 
one of lateral displacement only, as in fig. 186, d; finally the flagellum 
comes to rest in a more or less straight condition. There can be little 

^ By ‘ amplitude ’ is meant the extent of the displacement of any point on 
the flagellum in a line at right angles to the main axis of the moving flagellum. 
By ‘wave length’ is meant the length of flagellum occupied by one complete 
wave. 
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doubt that during typical undulatory movement the flagellum forms 
part of a helix and that the diameter of the helix increases with 
decrease in the frequency of vibration. Van Trigt states that in 
some cases there is no doubt that the point of the flagellum during 
rapid movement travels in an elliptical orbit, but from his descrip- 
tion one may infer that the axes of the ellipse are not increased 
uniformly when the ‘amplitude’ is increased. This point is of some 
theoretical importance and will be discussed later. 

Of the numerous attempts to analyse the propulsive action of a 
flagellum, perhaps the best known is that of Biitschli (1889)^. His 
explanation was as follows. Any point (P) on the flagellum carries 
out a series of lateral movements and in moving from side to side 
exerts a pressure on the water at right angles to its surface. If this 
force be PA, it can be resolved into two forces PB and PC. The 
force PB is directed parallel to the long axis of the organism and 
tends to drive it through the water cell foremost. The force PC is at 
right angles to PB and tends to rotate the organism on its own axis. 
Hensen (1881) analysed the movement of a flagellate spermato- 
zoon as follows. ‘If the undulating membrane be examined, waves 
are seen to travel over its surface from the front to the back. Any 
one point moves laterally to and fro through a given distance with 
a force P. This force can be resolved into two components; one force 
kF is exerted tangentially to the membrane and tends to compress 
the latter; the other force k^F is at right angles to the surface of the 
membrane. k^F can in turn be resolved into two components, kJP 
which exerts a backward pressure on the water and drives the or- 
ganism forward, and k^F at right angles to the surface which tends 
to rotate the organism on its own axis ; opposed to this latter force 
is an equal and opposite force exerted by a point in which the trans- 
verse direction of movement is in the opposite phase.’ 

Both Biitschli and Hensen appear to have overlooked the fact 
that in order to produce propulsion there must be a force which is 
always applied to the water in the same direction and which is inde- 
pendent of the phase of lateral movement. There can be little doubt 
that this condition is satisfied in flagellated organisms not because 
each particle of the flagellum is moving laterally to and fro but by 
the transmission of the waves from one end of the flagellum to the 
other, and because the direction of the transmission is always the 

^ For a recent analysis of the mechanics of vibratile structures, see 
Ludwig, W. (1930), Zeit,f, wiss. Biol. Abt. C, 13, 397. 
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same. A stationary wave, as apparently contemplated by Biitschli, 
could not effect propulsion since the forces acting on the water are 
equal and opposite during the two phases of movement. If, however, 
the waves are being transmitted in one direction only as is shown in 
fig. 187 , definite propulsive forces are present which always act in 
a direction opposite to that of the waves. The propulsive power of 
the flagellum is equivalent to that which would be produced bv 
projecting along the length of the flagellum a series of ‘humps’ of 
the same form as the waves, the velocity of the humps being made 
equal to the velocity of movement of each wave. If the waves pass 
from the base of the flagellum to its tip, the organism is driven 
forward in front of the flagellum; if the waves pass from the tip to 



Fig. IS?. Diagram illustrating the dependence of the direction of movement of an 
organism on the direction of the waves which pass along its flagellum. 1, The waves 
originate at the base of the flagellum and travel straight along it to its tip : the animal 
moves straight ahead with the flagellum pointing backwards. 2, The waves originate 
at the tip of the flagellum and pass to its base; the animal moves with the flagellum 
in front. 3, The waves originate at the base of the flagellum and pass along and round 
it in a clockwise direction : the animal moves with the flagellum beliind and at the 
same time rotates in an anti-clockwise direction. 4, The waves originate at the tip 
and pass backwards with an anti-clockwise rotation: the animal moves with the 
flagellum in front and rotates in a clockwise direction. 


the base the organism is drawn forward with the flagellum in front. 
If the waves pass along the flagellum in one plane there will be no 
force tending to rotate the animal on its axis : if, however, the waves 
pass round the flagellum as well as along it the organism will rotate. 
As the waves rotate, pressure is exerted on the water in such a way 
as to drive water in the direction in which the waves are travelling, 
so that the flagellum with the attached cell tends to rotate in the 
opposite direction, just as when a cilium beats in one plane the move- 
ment of the organism is in the direction opposite to that of the 
effective stroke. If the waves pass clockwise round the flagellum, 
the organism will be rotated anti-clockwise, as was observed by 
Reichert ( 1909 ) in Spirillum, ‘‘The body on account of the right- 
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handed rotation of the flagellum (?), always turns to the left about 
its long axis.’ 

In fig. 188 each of the rotatory forces (e.g. x, y) generated by 
the waves on the flagellum can be re- 
solved into a transverse component 
(e.g. a, d), and the sum of these causes 
a rotation of the organism about its 


longitudinal axis vh. 

The cilium and flagellum as actively 
contractile units 

Concerning the essential nature of a 
cilium there are two radically opposite 
views. According to SchMer (1904) the 
whole of the mechanical energy liberated 
by the cilium is derived as such from the 
cell and is transmitted as mechanical 
energy to be liberated as work by virtue 
of the elasticity of the cilium. According 
to Heidenhain (1911), however, the me- 
chanical energy liberated by the cilium 
is stored as chemical energy in the 
cilium itself until a disturbance arises in 



the cell or elsewhere which liberates it 
as mechanical energy. In other words, 
we may look on the cilium as a passive 
unit mechanically operated by the cell. 


Fig. 188 . Diagram illustrating the 
forces of rotation of Spirillum. The 
arrow s indicates the direction in 
which the waves travel round the 
flagellum. (After Reichert.) 


or as an active structure potentially 

capable of autonomous contraction in all or some of its elements. 
From a morphological point of view these possibilities were con- 
sidered by Williams (1907). 


The chief arguments in favour of the passive nature of vibratile 
organs appear to be as follows: (i) The flagella of Spirillum are only 
0-05 /X in diameter (Fuhrmann, 1910), and it is difficult to conceive 
how any adequately heterogeneous mechanism can be contained 
in a cross section which approaches ultramicroscopic dimensions, 
(ii) Many cilia and flagella show no evidence of structural complexity 
even under the highest magnifications, (iii) Most cilia are motionless 
when separated from the cell, (iv) Some observers, including 
Williams (1907), claim to have seen active movements in the body of 
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the cell corresponding in frequency to the movement of the cilia. 
These and other facts have led to the suggestion that the cilium or 
flagellum does not generate mechanical energy along its whole length 
but is merely a means whereby this type of energy, when generated 
at the distal end of the cell, is transmitted away from its source and 
is liberated for work. This view was in fact adopted by Peter (1899), 
Benda (1901), Joseph (1902) and others. 

There appear to be two ways in which to test the conception of the 
flagellum as an inert but flexible rod. Firstly, if a wave can pass down 
a flagellum at constant speed and without change in form, then the 
wave must be part of a sine wave (otherwise as it moves along it wull 
resolve itself into a series of sine waves of different wave lengths 
each travelling with a different velocity, so that the form of the 
wave will vary at different points along its path). Now in order to 
produce a sine wave in an elastic rod it is necessary to exert a bending 
force and a longitudinal thrust, and it is very difficult to see how- 
such forces could be exerted by movements entirely restricted to 
that part of the flagellum which is in contact with the cell. Secondly, 
if a vibrating rod is to exhibit no reflected waves which travel back 
towards their original source, the vibrations must be very highly 
damped; but if the damping is high, the amplitude of the weaves 
must invariably decrease as they pass from their source, and this is 
apparently not the case in living flagella. 

The evidence, as far as it goes, seems to suggest that a flagellum 
cannot be regarded as an inert flexible unit operated mechanically 
by the cell, since waves of varying form pass along its length without 
change in shape and without apparent change in amplitude. 

That movements of a flagellum or cilium are not infrequently 
accompanied by mechanical movements within the cell is highly 
probable, but this evidence does not show that the flagellum or 
cilium is not also an actively contractile element. The contractile 
properties at the distal end of ciliated cells have recently been in- 
vestigated by Merton (1924, 1927). 

Almost overwhelming evidence in favour of the active nature of 
the cilium or flagellum is provided by the following facts. 

(i) In some cilia there can be no doubt that the angular velocity 
of the tip is greater than that of the base, so that the w^hole cilium 
becomes bent during the effective stroke. It is exceedingly difficult 
to see how such a movement could be effected by the liberation of 
kinetic energy at the extreme base of the cilium ; on the other hand, 



476 


CONTRACTILE CELLS 


the nature of this movement can be readily visualised by the assump- 
tion that the effective stroke is due to the development of a bending 
force along the whole length of the cilium. 

(ii) Among the Mastigophora it is not at all uncommon for the 
flagellum to extend forward in front of the cell and to move the 
animal through the water by movements restricted to its tip. This 
type of movement is seen, for example, in Peranema and in Monas, 
It hardly seems possible to believe that sufficient kinetic energy can 
be transmitted along the proximal part of the cilium to induce active 
movements at the tip. Dr Bidder informs me that he has seen, not 
infrequently, lateral movement of the extreme tip of a sponge 
flagellum although the rest of the flagellum remained motionless and 
straight. These facts together with the observation that sudden 
bends may occur at any point on a slowly moving flagellum can only 
be explained by the assumption that kinetic energy can be generated 
at any point in the flagellum. 

(iii) As already mentioned there is no evidence that all waves of 
distortion passing along a flagellum undergo changes in amplitude. 
If this could be supported by quantitative measurement, quite con- 
clusive evidence would be available to show that the flagellum is an 
active unit capable of generating kinetic energy along its length. 
A moving wave cannot provide the energy for propelling an organism 
and at the same time pass on with unreduced amplitude unless the 
energy being lost is continually being replaced as the wave moves 
along. 

(iv) In all tractella, or flagella which draw an organism forward 
through the w^ater, the waves of distortion pass from the tip of the 
flagellum to its base. It hardly seems possible to imagine that such 
movements could be exhibited by an inert filament whose sole source 
of energy lay in the body of the cell. 

We may therefore conclude that a flagellum or a cilium is to be 
regarded as an active unit (comparable perhaps to a muscle fibre) 
in that it generates its own mechanical energy. When a stimulated 
muscle fibre develops a tension, the force of the contraction is 
directed along the longitudinal axis of the fibre ; we do not know how 
this force is produced, but if it can be produced longitudinally in a 
muscle fibre, it is not unreasonable to suppose that it can be pro- 
duced transversely and also as torsion in a flagellum or cilium. 
Consider, for example, an india-rubber rod. If its ends are com- 
pressed it shortens and a longitudinal strain exists between adjacent 
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particles. If it is bent a transverse strain is set up. If one end is 
fixed and the other is twisted torsional strains arise. We can imagine 
that in a muscle a longitudinal strain is set up internally and 
shortening is the result. If a corresponding transverse strain is set 
up internally in a cilium it will cause bending ; and a torsional strain 
will cause twisting. In other words the essential changes in a muscle 
fibre and in a flagellum may very likely be the same, although they 
occur along different axes. 

From the evidence already given we may conclude that the 
mechanical energy for movement is generated along the length of 
the cilium and is not transmitted as hydrostatic pressure by the cell. 



Fig. 189. Figures showing the form of a strip of paper caused to bend by adding water 
to one side. In (a) the strip ABC has been cut so that the natural axis of bendinc^ 
(indicated by the arrow) is parallel to the longitudinal axis of the strip and the latter 
bends into an are of a circle AB^C^ . In (b) the strip has been cut so that the axis of 
bending is inclined at an angle to the longitudinal axis of the strip ; the latter bends 
into a helix. Suitable strips can be cut from a sheet of note paper; tj^DC (a) is provided 
by a strip cut parallel to the shorter edge of the paper; type (b) by a strip cut along 
a diagonal of the sheet. 


We know that when water is removed from the cilium by plasmolysis, 
the cilia of Mytilus or of the frog come to rest at the beginning of 
their preparatory stroke (Gray, 1922), so that there is some slight 
experimental evidence in favour of regarding the normal stroke as 
due to a redistribution of water within the cilium. If one side of a 
straight cilium becomes capable of absorbing more water than the 
other, the cilium will bend into the arc of a circle whose convex side 
is the side containing the excess of water. A model can readily be 
made with a strip of paper (fig. 189). If both sides of the strip are 
equally dry or equally wet the strip remains flat, but if one side 
becomes more moist than the other the paper bends so that the 
damp side is outermost. As the moisture soaks through the paper 
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the strip gradually straightens. We may picture a cilium as in fig. 
190. Whilst at rest, water is equally distributed across its whole 
section, movement occurs because certain elements lying nearer to 
the side AB than to CD acquire an affinity for water, thereby causing 
water to flow from the side CD to AB ; AB expands and CD con- 
tracts — ^thereby bending the cilium. Relaxation occurs because AB 
loses its increased affinity and the water distributes itself equally 
over the cross section of the cilium. The essential change in the 
affinity for water may well be due to a modification in the degree of 



Fig. 190. Hypothetical mechanism of different types of cilia. The cilium at rest 
is straight, and the water molecules are uniformly distributed. Contraction occurs by 
the aggregation of water molecules to one side of the cilium, causing this side to 
become convex. Relaxation occurs when the water molecules again distribute them- 
selves uniformly. B (i), The cilium is at rest at the end of the effective stroke and in 
tins position the water molecules are uniformly distributed. The preparatory stroke 
is complete when the water is aggregated to one side. B (ii). The cilium is at rest at 
the beginning of the effective stroke and during the effective stroke the water is 
aggregated to one side. 


ionisation of a protein or similar molecule: thus, the localised pro- 
duction of an acid would produce this effect whilst the neutralisation 
of the acid would return the system to the status quo. 

The following points in this scheme are noticeable : (i) the general 
mechanism is that applicable to muscle (see Hill and Hartree, 1920), 
since an essential feature is a localised change in the distribution of 
water; (ii) both effective beat and recovery beat are active processes 
which depend on the rate at which water is taken up by the activated 
units and the rate at which it is lost; (iii) it can readily be applied to 
pendular cilia or to typical helical movement, and by postulating a 
system of localised control on the part of the cell, a limited length or 
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area of a flagellum can be activated whilst the remainder continues 
at rest. ■ _ 

In comparison with a muscle fibre a ciliated cell generates forces 
of very small magnitude; even numerous active collar cells of 
sponges cannot produce a hydrostatic pressure greater than 4 mm. 
of water (Parker, 1914). Clearly ciliary activity would he quite 
unable to provide the force required to maintain an active circula- 
tion throughout the body of a large animal. At the same time a 
ciliated epithelium can set in motion relatively heavy bodies. 
Maxwell (1905) showed that a weight of 5-0 gr. can be moved by 
58 sq. m. of the frog’s oesophageal epithelium at a velocity of 1 mm. 
per minute. Roughly speaking 100 sq. m. of epithelium can perform 
10 gr. mm. of work per minute, while one cilium of Para7necium 
exerts, according to Jensen (1893), a force of 4-5 x 10-'^ mg. 

The metabolism of ciliated cells 

As already mentioned ciliary activity involves the consumption 
of oxygen — and as far as can be seen the rate at which oxygen 
is taken up is almost a linear function of the rate at which the 
cilia will drive a particle over a ciliated surface (Gray, 1923) (fig. 
191). In the absence of Oa, movement continues for 30-45 minutes 
(Gray, 1924), and in this respect ciliary movement is clearly analo- 
aous to many types of muscular movement. Although it is almost 
certain that the energy of movement is derived in the long run from 
the oxidation of a reserve material in the cells, the nature of this 
substance is not yet established, although it may be glycogen in 
the case of Pecten tissues (see Gray, 1928, p. 108) and in actinians 
(Beutler, 1929). That there are at least five steps in the complete 
ciliarv cycle can be inferred from the way in which the ciliated cells 
of Mytilus react to changes in their environment. The detailed evi- 
dence for this has been discussed elsewhere (Gray, 1928) and need 
only be summarised here, (i) Within the cells is a ieser\e (G) of 
chemical energy, which may or may not be glycogen, (n) There is 
also a derivative of this reserve, the quantity of which derivative (A ) 
determines the period during which the cilia will beat when ^ 
no longer any possibility of obtaining fresh supphes from the ulti- 
mate reserve in the cells, (iii) The rate at which the c la jea^ 
depends on the temperature, and on the nature of the cations present 
in the environment of the cells. (iv)The actual contract! emec lanisrn 
must be intact, and this is only possible if the osmotic pressure o 
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the environment lies within certain limits, (v) Free Og must be 
available. Many of the facts are summarised in fig. 192, but for a 
more detailed description reference may be made to Gray (1928). 



Fig. 191 . Diagram showing the effect of temperature on the oxygen consumption 
and on the mechanical activity of the frontal cilia of Mytilus. 
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Fig. 192 . The bars which cross the arrows indicate the point in the ciliary cycle 
at which the various reagents exert their characteristic effects. 
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Excitation and inhibition of cilia 


If a piece of frog’s epithelium or gill of Mytilus be exposed to 
conditions (e.g. COg, KCN, cold) under which movement is ex- 
tremely slow or just abolished, the cilia can be induced to beat more 
actively for a short time by mechanical irritation with a needle or 
other instrument. Kraft (1890) found that a mechanical stimulus 
thus applied to a localised region of a weak ciliary field induced 
activity along a band beginning at 
the spot stimulated and continuing 
for some distance in the direction of 
the normal effective beat (fig. 193). 

The activity never extended far in 
the opposite direction or laterally 
from the point of stimulation. It 
is not clear from these experiments 
how far the main band of induced 
activity is the result of mechanical 
stimulus by the water current set 
up by the area (1, 2, 3, 4) subjected 
to direct stimulation. 

Mechanical activation of station- 
ary cilia also occurs in Ctenophores. 

If a complete ciliated comb is re- 
moved from Pleiirobrachia^ its cilia 
exhibit active movement for some 
time after excision, but after a time 
the movements gradually subside. 

From this condition active move- 
ment can again be evoked by me- 
chanical agitation, and a series of well-defined beats are observed 
in which the metachronal waves pass away from the direction of 



Fig. 193. Transmission of excitation 
over ciliated epithelium a, c, d of the 
frog’s oesophagus. The area 1,2,8. 4 was 
stimulated mechanically. The shaded 
area shows the secondarily excited area. 
Note that the transmission is almost 
entirely restricted to the area 3, 4, 5, 6. 
The arrows indicate the direction of the 
elective beat of the cilia. (After Kraft.) 


the effective beat. 

It may be noted that these excitatory effects of stimuli are almost 
always restricted to tissues in a subnormal condition of activity and 
it may be doubted whether they ever occur in a normal epithelium 
in situ. Merton (1923 b) states that if a small fragment from the lips 
of the snail Physa be dissected out with the attached nerve the cilia 
soon come to rest unless the nerve is stimulated. As Carter (1926) 
points out it is difficult to make sure that the stimulus is conducted 
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to the cilia by the nerve and not in a more direct manner. On the 
whole the phenomenon of extraneous excitation of cilia recalls the 
effect of such treatment on moribund or quiescent cardiac muscle* 
in both cases the healthy tissue is automatically rhythmical, but 
when this property is lost for any reason it can be induced to re- 
appear for a short time by providing an external stimulus. 

Whereas excitatory effects of external stimuli are comparatively 
rare, it is by no means uncommon to find clear instances of ciliary 
inhibition in perfectly normal tissues either in situ or after excision 
Locomotory cilia are almost invariably under the control of the 
animal and this control is often, if not always, of an inhibitory nature. 

The clearest cases of inhibition are those found in the higher in- 
vertebrata. The ciliated larvae of annelids, molluscs and polyzoa are 
all capable of bringing their cilia to rest, and they do so at irregular 
intervals or when externally stimulated. A typical instance has 
recently been investigated by Carter (1926) in the velar cilia of nudi- 
branch larvae. During life these cilia show well-marked alternations 
of rest and activit)^; if, however, a portion of the velum be excised 
from the animal, the cilia on this portion cease to show any inter- 
ruption of activity and beat steadily for many hours. Carter has 
shown that narcotics, used in such concentrations as are necessary to 
anaesthetise nerves, abolish the periods of ciliary rest in the intact 
larva. Similar results were obtained with other types of larvae by 
Merton (1923 a), but Carter was the first to demonstrate the pre- 
sence of the inhibitory nerve fibres which control the cilia. The 
power of ciliary inhibition is also lost by the Ctenophore Beroe when 
the animal is exposed to 0*2 per cent, chloral hydrate (Gothlin, 1920). 
Taken in conjunction with the fact that nerve endings can be traced 
to intimate association with the ciliated cells (figs. 194, 195), the 
evidence strongly suggests that the normal periods of rest shown by 
the velar cilia are due to nervous inhibition. 

Another interesting example of ‘controlled’ locomotory cilia is 
found in the snail, Alectrion irivitta (Copeland, 1919). This animal 
moves by means of its ciliated foot; when the animal is at rest the 
cilia are motionless, but progression is entirely due to the activity 
of the cilia. Copeland found that when a resting animal is stimulated 
by touching one of its tentacles with a piece of fish meat the pro- 
boscis is extended and the pedal cilia begin to beat. At first sight 
this appears to be a reflex response involving the excitation of 
the cilia by a motor nerve. The phenomenon is not simple, how- 
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ever, for ciliary movement is greatly reduced or ceases altogether 
^hen the proboscis is worked over the surface of the foot as is often 
the case. On withdrawal of the proboscis the cilia show increased 
activity. On excising the foot, exactly the same series of events 
occur as in the Ctenophores. Immediately after excision, the cilia 
of Alectrion are motionless, but after a brief interval short outbursts 



Fig. 194. Archidoris tuherculata. 
LMng cells of the velar cilia stained 
intra vitam with methylene blue 
showing nerve fibrils. w*/-j nerve 
fibrils between the ciliated cells; 

grannies; n., nucleus; nj-", 
nerve fibrils passing into the tissues 
of the body; c., cilium. (After Carter.) 


Fig. 195. Diagram of ciliated cells of the 
mdluscan velum, a, side view' of cilium: 

end view^ Note the compound nature of 
the cihum. hp., triangular plates of cilium 
in side%dew; h.g., basal granules; h/., interna! 
fibres; mJb.g., grannies which stain intn 
methvlene blue; n., nucleus; n./., nerve fibnis 
between the ciliated cells; c., cilia. (Alter 
Carter.) 


of ciliary movement occur simultaneously with muscular tmtchmgs. 
Gradually these periods of ciliary and muscular actn-rty become 
more and more frequent, and during 

quiescence the cilia no longer cease to beat, although thei beat mo 
lowly than during muscular activity. Finally, after some hca =., 
when all muscular movement has ceased, t e ci la are o 
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beating regularly at a constant rate which continues as long as the 
preparation remains intact. 

In Ctenophores ciliary control is well defined. All these animals 
possess an aboral ‘sense organ’ (fig. 196) from which finely ciliated 
grooves pass to the aboral end of each row of ciliated plates. In 
Pleurobrachia the normal mode of progression is with the mouth 
forward and with the contractile tentacles extended posteriorly. If 
the animal is given a slight blow the ciliated plates instantly become 
motionless, the tentacles contract, and the organism sinks slowly in 
the water. After a short pause the cilia begin to beat again, the 
tentacles relax, and progressive movement is resumed. A marked 
case of mechanical inhibition has been described by R. S. Lillie 
(1906) in the genus Eucharis. 



Fig. 196. ‘Sense organ’ of the Ctenophore Hormiplwraplumosa. bell ; c.p.^ ciliated 
plate; c.gr., ciliated groove leading to locomotory ciliated plates; L, lithites; ppl.^ 
polar plate; sp,, spring. (From Parker and Haswell.) 


It seems clear that three distinct types of ciliary movement exist: 
(a) cilia which are normally in an active state of movement inde- 
pendent of any obvious external stimulus, (b) cilia which are motion- 
less or only feebly active except when a stimulus is applied, (c) cilia 
which are active but can be brought to rest by some type of in- 
hibitorjT- control. The parallel to cardiac muscle is again striking. In 
both tissues one condition is fairly readily convertible into another 
except from type {a) to (c). 

Metachronal rhythm 

A cursory examination of any active ciliated epithelium reveals 
the fact that although the cilia may be beating at the same rate they 
are not beating in the same phase. Any particular cilium is slightly 
in advance of the cilium behind it in the series and slightly behind 
the one just in front of it. This regular sequence is known as meta- 
chfonism and is observable in nearly all ciliated epithelia. Since all 
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the cilia lying in the same line across the epithelium beat in approxi- 
mately the same phase, regular waves of activity can be seen passing 
over the surface, thereby giving the well-known analogy to the 
waves which pass over a field of corn when exposed to the breeze. 
The crests of the metachronal waves are cilia at the zenith of their 
effective stroke; the troughs of the waves are cilia at or near the 
heo*inning of the recovery stroke. The form of the waves has 
recently been described by the author (Gray, 1980). 

The direction of the metachronal waves varies vdth different 
tissues In the case of the frog’s epithelium, or the frontal cilia of 
Mytilus, the waves move in the direction of the ciliary current, i.e. in 



Fig. 197. Lateral epithelium of Mytilus 
right angles to the plane of the paper; 
the paper in the direction of the arrow. 


edulis gill. The effective beat is in a plane at 
the metachronal wave passes in the plane of 


the direction of the effective stroke of the cilia. In Ctenophores, 
however, the waves usually move in exactly the opposite direction. 
In these animals the effective stroke of the ciliated plates is in an 
aboral direction, so that the animals move mouth foremost. The 
metachronal waves, however, pass over the row of cilia from the 
aboral to the oral end. In the lateral epithelium on the of 
Mytilus the metachronal wave moves at right ang es to e e ec n e 

stroke (fig. 197). 

Although the direction of the metachronal wave thus differs 
different tissues, it is remarkably constant in ‘ 

In the frog’s oesophagus, von Brucke (1916) showed tha i p 
of the epithelium were excised and repkced after 
through 180° the original direction of the metachronal va^e re- 
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mained, although diametrically opposed to that of the rest of the 
epithelium. In Mytilus the lateral wave passes in opposite directions 
on the two sides of the gill filament. It is only in certain Ctenophores 
that any evidence of wave reversal is found. In Pleurohrachia a 
rapid wave, on reaching the oral end of the ciliated row may be 
reflected aborally, but according to Parker (19056) it seldom passes 
over more than one-third of the whole row. Verworn (1890) induced 
reversed waves by stimulating the oral end of the row. 

In the case of the Ctenophores there is no doubt that, during life, 
the activity of the cilia is co-ordinated to some degree by definite 
‘ sense ’ organs at the aboral end of the animal. At the same time 
metachronal rhji;hm is a fundamental property of ciliated epithe- 
lium, just as the power of automatic movement is a property of the 
individual cells. The beautiful rhythm of the lateral epithelium of 
Mytilus can be seen in gill fragments, whose proximal and distal 
ends have both been cut. The problem presented by the facts 
resolves itself into finding out how automatic units when side by 
side in a tissue beat in an orderly sequence. 
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CHAPTER EIGHTEEN 


Phagocytosis 

Th e power of cells to ingest solid particles is widespread among the 
animal kingdom, and is often of far-reaching significance. In many 
protozoa, coelenterates, and molluscs, ingestion is an essential pre- 
liminary to digestion; in other cases ingestion may lead to the 
elimination of waste or foreign particles from the animaFs body. 

In attempting to analyse the mechanism whereby the particles are 
absorbed into the interior of the cell, at least three distinct phe- * 
nomena must be considered. Given a particle situated at some 
distance from a phagocytic cell, ingestion will only occur if the two 
units can come into intimate contact with each other; having come 
into contact, it is necessary for the cell and the particle to adhere to 
each other to prevent a chance disturbance from separating them 
again; finally there occurs the actual process of ingestion whereby 
an adherent particle is drawn into the interior of the phagocyte. 

If a cell is to come into contact with a particle situated some 
distance from it, it follows that either the cell or the particle or both 
must be in motion. Clearly the chances of collision will depend on 
the rate at which the two components approach each other and on 
the distance which they are apart at any given moment. If, for 
example, there are a large number of particles present in a suspension 
of leucocytes the chances of a collision between a cell and a particle 
wdll be greater than if a smaller number of particles are present. As 
Fenn (1920 a) has shown, the phagocytic activity of a suspension of 
cells and inert particles can be expressed by a logarithmic formula 

A: = 7 log — (xix), 

where a is the number of particles originally present, and a — xi^ 
the number which are uningested at time t. These results are ob- 
viously in harmony with the view that the same percentage of 
uningested particles is being taken up by the cells at any given 
instant. The facts suggest that the rate of ingestion of the inert 
particles may be proportional to three variables — ^the number of cells 
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present, the number of particles present, and the chance of collision 
between a cell and a particle. Equation (xix) will only hold good if 
the number of active cells is constant during the whole period of 
observation — in other words a leucocyte which has ingested one or 
more particles must be just as likely to ingest another particle as a 
leucocyte which has not yet encountered a particle at all. The proof of 
this conclusion is presented by McKendrick (1914) as follo^vs. If <b 
be the probability that an individual leucocyte in a culture will 
ingest a particle within a given time, and if there be Vq leucocytes 
present on adding the particles, then c/^Vq leucocytes will ingest a 
particle. When this has occurred there will be Vq — 6Vq leucocytes 



Fit*’. 198. Ordinates represent logarithms of the number of particles not taken up by 
leucocytes plotted against the time as abscissa. The slope of the graph {K) is shown 
for quartz particles of three different sizes. (From Fenn, 1920.) 


without ingested particles, and the rate of reduction of this latter 
class will be given by equation (xx) 



If a leucocyte which has ingested a particle has an undiminished 
chance of ingesting a second particle, and after that a third and so 
on, there will arise a series of classes containing one, two, three, ... a 
particles. The rate at which any given class will increase will be 
proportional to the difference between the number of individuals in 
the class containing one less particle and the number of mdividuals 
which already contain the given number. Thus the rate, at which 
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the number of leucocytes containing five particles will increase, is 
dependent on the number of leucoc 3 rfces which already contain four 
particles, and on the number which already contain five — since any 
one of the latter by ingesting another particle passes out of the five 




From these two equations, McKendrick derives a formula by which 
the expected distribution can be calculated 


Vn 




loge 


'OJ 


CO 1 


(xxii), 


where is the total number of leucocytes present. The validity of 
this analysis is shown in Table LXXI. 


Table LXXI, Random distribution of bacteria among ingesting 
leucocytes. (From McKendrick) 


No, of 
bacteria 
present in a 
leucoc3i:e 

X 

No. of leucocytes in each class (V^) 

Exp. 1 

Exp. 2 

Obs, 

Calc. 

Obs. 

Calc. 

0 

19 

(19) 

41 

(41) 

1 

59 

58 

126 

119 

2 

9S 

88 

154 

173 

3 

88 

90 

164 

168 

4 

65 

68 

121 

122 

5 

37 

42 

62 

71 

G 

17 

21 

36 

34 

7 

8 

9 

35 

14 

8 

5 

4 

5 

5 

9 

2 

1 

2 

2 

10 

1 

— 

3 

— 

11 

0 

— 

1 

— 

12 

1 

— 

— 

— 


If we assume that the rate of ingestion of particles can be ex- 
pressed by equation (xxiii) 


dn 

dt 


= k.L.7i(f> 


(xxiii), 


where L is the number of leucocytes, and n is the number of un- 
ingested particles, then k (the index of phagocytosis, as defined by 
Fenn) will depend on the chance of collision (^) between leucocyte and 
particle. This in turn will depend on the relative size of the particles 
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and on their density of distribution relative to the leucocytes. The 
larger the particles the greater are the chances of a collision with 
a leucocyte. At the same time, if particles and cells are settling in a 
test tube the chances of a collision will depend upon the rate at 
which the particles settle relative to the rate of settling of the cells. 
If a suspension of cells of diameter C and velocity Vc, and of par- 
ticles of diameter F and velocity Vp is allowed to settle in a test 
tube, the chances of collision (^) will be proportional to the velocity 



Fig. 199. Diagram illustrating the Fig. 200. Diagram illustrating orbits de- 
chance of collision between a particle, scribed by a particle at A and ceils at h, c 
P, moving towards a cell, C. (From and d in a rotating mixture. The figure 
Fenn, 1920.) represents a cross-section of the medium 

which is rotating to the left. The direction 
of rotation of the cells and particle is 
counter-clockmse. Collisions occur at B, C 
and D. The chance of collision is jiropor- 
tional to the circumference Abed. (From 
Fenn, 1920.) 

of the particles relative to the cells {Vp — Vc) and to the square of 
the sum of their diameters, 

cj> = {Vp- Vc) {c + P)% 

and this relationship will hold good when the mixtures are not 
settling under gravity but are slowly rotating on a horizontal drum. 
Under the latter circumstances the cells and the particles will not 
settle in a straight line but will each move in circular orbits whose 
circumference will be V/n, where V is the velocity of movement 
under gravity and n is the frequency of rotation of the drum (fig. 
200). The chance of a collision will be proportional to the circum- 
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ference Vp — Vc, but this will decrease as n increases, and there will 
come a time when these orbits are so small as to make a collision 
unlikely; in other words by rotating the suspension more rapidly the 
amount of phagocytosis should be decreased. To test this conclusion 
Fenn employed six small tubes (3 mm. in diameter x 1-5 cm. long) 
sealed at one end. These tubes were filled with suspensions of cells 
and quartz particles and sealed with paraffin. Three of the tubes 
w'ere rotated at 0-3 revolutions per minute and three at 19 revolu- 
tions per minute. At intervals of about one hour, one tube from 
each set was removed from the drums and the number of uningested 
particles determined. It was found that the particles in the slowly 
rotating tube w'-ere ingested 2-5 times more rapidly than those in the 
rapidly rotating tube; the value k (Table LXXII) being calculated 
from the theoretical formula. 


Table LXXII 


Hours 

19 revolutions 
per minute 

0-3 revolutions 
per minute 

No. of 
particles 
not 

ingested 

No. of 
cells 

No. of 
particles 
not 

ingested 

No. of 
cells 

0-0 

324 

76 

324 

76 

0-6 

262 

76 

124 

48 

1*75 j 

157 

— 

55 

[ — 

2'C 

64 

53 

9 

! 32 


Counts refer to volumes of 0*02 c.mm. 

k = 0*22. k = 0-52. 


For this particular experiment the average distance between the 
particles was 37 /x. At the slower rate of revolution the diameter of 
the orbits followed by the cells was 279 /x, whereas that of the par- 
ticles was 462 /X. At the more rapid rate of revolution the orbits of 
the cells were 4*6 /x, whereas that of the particles was 7*3 /x. In the 
latter case the chances of a collision were very small, and were it not 
for the fact that an ideal distribution of 37 /x between particles and 
cells is statistically improbable, probably no phagocytosis would 
have occurred, if it is legitimate to neglect the possible effects of 
Brownian movement and centrifugal force. These observations show 
that the relative chances of a collision between a cell and a particle 
can be determined with a satisfactory degree of accuracy, if we know 
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the size and velocity of movement of the particles and cells. Fenn 
(1920) was able to confirm these results by taking advantage of the 
fact that small particles settle under gravity more slowly than do 
larger particles (see Table LXXIII). 

These results show fairly clearly that the three variables men- 
tioned on p. 490 each play their part in fixing the rate at which 
phagocytic cells ingest inert particles of quartz. For any given 
suspension the rate depends upon the number of cells present, the 
number of particles present, and on the chance of mutual collision. 
Using carbon particles instead of quartz the results obtained by 
Fenn were essentially similar although the value of k sometimes 
decreased as time proceeded. It is interesting to find that the agree- 
ment between the theory for ideally distributed populations holds 


, Table LXXIII. Comparison of theoretical and experimental rates 
of phagocytosis by leucocytes of the rat. (From Fenn, 1920) 


Average diameter of particles of quartz 

2-92 jLi 

1 

2-55 ju, I 1*85 ft 

Average velocity of settling in cm. per hour 

2-81 

2-14 1-lS 

Chances of collision 

151-8 

61-8 

76-5 i 

Relative rates of collision (theoretical) 

1-0 

0-41 

0-51 j 

Average relative value of ‘/f’ as determined 
experimentally 

I-O 

0-64 

0-61 I 

j 


good for systems in which the particle size and other factors are by 
no means uniform in all cases. 

Since carbon or quartz particles are completely insoluble in water 
it is not surprising to find that their chances of being absorbed by 
a leucocyte depend entirely on fortuitous encounter with a cell. In 
the case of soluble particles this is not the case, and there are several 
instances known in which the movement of the leucocjde is directed 
towards a neighbouring particle. A good example of such directive 
movements is given by Fenn (1922). Using mixtures of quartz and 
manganese dioxide particles in equal numbers, Fenn found that the 
frequency of collision between leucocytes and manganese dioxide 
was twenty -four times as great as with the quartz. It is clear that 
such anomalous figures are not due to chance. ‘In one case (see 
fig. 201) a leucocyte seemed obviously to be attracted from a dis- 
tance of perhaps 30 microns toward a group of two manganese and 
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one quartz particles. From its unusually rapid movements the 
leucocyte appeared to be “in haste ” and its path was directly blocked 
by the quartz particle. Two pseudopods were put out “straddling” 
this obstruction, each of which promptly ingested a manganese par- 
ticle. After this feat the leucocyte I’ounded up and wandered away 
Avith its twin load leaving the quartz particle undisturbed. The whole 
performance could not have lasted over two minutes ’ (Fenn, 1922, 
p. 318). 

Similar selection was observed for Penicilliwn spores as opposed 
to quartz, supporting the observation of Commandon (1919) that 
leucocytes are attracted by starch grains. 

If the degree of phagocytosis of inert particles were solely de- 
pendent on the chance of collision between particle and cell it 



Fig. 201 . Diagram of an actual case in which a leucocyte {L) was apparently attracted 
towards two particles of manganese dioxide (M, M) which it ingested with such precision 
that it seemed almost ‘purposefur, an intervening particle of quartz {Q) being com- 
pletely neglected. Time about 2 minutes. (Prom Penn, 1922.) 

follows that carbon particles should be less readily ingested than 
quartz particles of the same size, since their velocity of movement 
when settling under gravity is less than that of quartz. In practice, 
however, this is not the case (Table LXXIV) and Fenn (1920 c) found 
that carbon particles are ingested three or four times more readily 
than quartz particles of the same size when allowance is made for 
the difference in the velocity of movement. 

The differences observed in the relative ease of phagocytosis of 
carbon and quartz particles will be considered in more detail else- 
where (p. 508), at present it is convenient to consider a possible 
criticism of the method whereby these differences were first estab- 
lished. 

When a suspension of leucocytes and particles is actively agitated 
in a tube, the forcible collisions which occur are hardly comparable 
to those effected between a moving leucocyte and a stationary par- 
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tide. Fenn (1920 c) therefore investigated the relative ease of phago- 
cytosis of carbon and quartz by enclosing between two coverslips 
a thin film of a dense suspension of cells containing equal numbers 
of quartz and carbon particles; after incubation the numbers of 
uningested particles was determined. Under these conditions the 
particles were stationary and ingestion occurred by the active move- 
ment of the cells. Although under these conditions the cells tend to 
spread out on the glass surfaces and eventually cease their activities, 
the technique is a useful one, since the relationship of one cell to 
different particles can be studied. Thus in three minutes one leuco- 

Table LXXIV. Showing the observed and calculated ratios between 
the index of phagocytosis (k) of carbon and quartz particles. 
The calculated ratios are based on the assumption that the 
frequency of ingestion is directly proportional to the chance 
of fortuitous collision in both cases 


„ _ k carbon 

Katio 

k quartz 

Observed 

Calculated on basis of 


chance of collision 

107 

0*36 

1-0 -{- 

0-36 

6 0 

l-l 

0-87 ! 

0-21 

2*2 

0*19 

(1-0 

l-O) 

(0-77 

M) 


cyte refused one quartz particle and one carbon particle, and in- 
gested three carbon particles. This preference of leucocytes for 
carbon is illustrated by fig. 202 . It is quite clear that the effect of 
active leucocytes on a mixture of carbon and quartz particles cannot 
be explained on the basis of chance collisions alone. In this respect 
Fenn has demonstrated the important fact that although the carbon 
particles are more readily ingested than quartz, yet nevertheless the 
number of collisions with leucocytes is the same. A suspension of 
leucocytes and equal numbers of carbon and quartz particles was 
prepared at a sufficiently low temperature to keep the cells inactive. 
Specimens of this culture were then placed on a cool slide and the 
position of each cell and each particle was noted. The cells were then 
activated by raising the temperature, and each encounter of a cell 

32 
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with a particle was observed. In one such experiment the field 
contained 44 carbon particles, 38 quartz particles and 77 leucocytes. 
After twenty-four minutes of activity the number of observed 
collisions between leucocytes and quartz was 36, whereas there were 
3T between leucocytes and carbon: at the same time only 1 quartz 
particle had been ingested, whereas 12 carbon particles were in- 
gested in the same period. These observations bring us to the second 
factor concerned in phagocytosis, namely the ability of the particle 
to adhere to the surface of the cell after collision had occurred. 



Fig. 202. Curves illustrating the preferential ingestion of carbon particles as opposed 
to quartz. These data were obtained from suspensions in which the particles were 
stationary. (From Fenn.) 

Actual ingestion is often a comparatively slow process and until 
it is complete there must exist a mechanism whereby any chance 
disturbance will not separate the particle from the surface of the cell. 
Our conception of this mechanism will depend upon whether we are 
prepared to look upon the cell surface as essentially of a liquid 
nature. Most workers on phagocytosis have accepted this point of 
view and it will therefore be considered in some detail. 

If a fluid drop (C) (fig. 203) is in contact with a solid surface ((?) and 
with another immiscible fluid P, and the system is in equilibrium, 
the angle of contact between the drop and the solid surface can be 
defined in terms of the surface tensions of the three interfaces 

cos A =r (xxiv). 

cl P 
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If cos^^ = 1, then cTi. = aTp~ and the drop C Avill spread 
over the surface of G. This type of system clearly conforms to a state 
of minimum surface energy: if the total surface energy is reduced 
by spreading spreading will actually occur. Similar conditions will 
hold good when the drop C comes into contact with a particle of G 
instead of with a plane surface. It is well knoAvn that manv tAmes 
of leucocytes, when m contact with a glass surface, tend to spread 
out into thin films after which they degenerate and die We mav 
look upon this phenomenon from two points of view. We mav regard 
it as a pathological condition in which the cells are losino- their 
natural properties owing to an abnormal environment On the other 
hand we may assume that the forces which bind the cells to the glass ■ 



are essentially the same as those which bind the cell to a particle of 
glass during the preliminary phases of ingestion. The latter point of 
view has been adopted by Tait (1918) and by Ponder (1925) but 
rejected by Lisoii (1929). Tait and Gunn (1918) observed that the 
phagocytic cells of crustacean blood would not ingest fatty particles 
nor did they tend to spread out on a fatty surface : they would ingest 
carbon, quartz and glass, and similarly when in contact with smfaces 
of these substances they spread out to a thin film and then degene- 
rated. The conclusions of Tait and Gunn were as folloAvs. If the cell 
spreads out on a surface of a compound G, then a particle of G can 
be ingested by normal cells. If cells will not spread on another com- 
pound G^, then a particle of may or may not be ingested by nor- 
mal cells. Tait’s conception of ingestion is thus comparable to the 
spreading of a liquid drop on the surface of a solid or of another 
immiscible fluid. From this point of view phagocytosis is solely the 
result of a redistribution of surface energy — and does not hiAmlve 
any active process on the part of the cell. A more elaborate analysis 
of the theory of adhesion of cells to particles has been developed by 


32-2 
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Ponder (1925). If the surface tension at the particle/medium inter- 
face be that at the cell/medium interface be and that at the 
particle/cell interface be then the three phases can remain in 
contact when the critical angle {6) between the particle and the free 
cell surface is defined by equation (xxiv). The values of cos A must 

lie between — 1 and + 1. If ^ ^ ^ < — 1 the particle would 

p 

flow round the cell, or if the particle is rigid, no ingestion will occur. 


If 


cTp 


is greater than — 1 but less than + 1, then true equili- 

y y ^ 

brium with partial ingestion will occur. If— ^ is equal to + 1 

or more, then the cell will flow completely round the particle, and 
digestion will be complete. Ponder also considers the possible effect 
of electrostatic changes of similar sign at the surfaces of the particle 
and of the cell and concludes that although work is required to move 
the particle to within a short distance of the cell surface, there will 
then be an attractive force which will prevent the particle leaving 
the surface. 

The theories of Tait and of Ponder, like the earlier suggestions of 
Rhumbler (1898), are open to objections, (i) There is no direct 
evidence which indicates that the surface of a cell is a fluid — on the 
other hand there is evidence to show that amoeboid cells are nor- 
mally coated by a firm pellicle. Unless this pellicle breaks down in the 
region of contact, the cell (which is assumed to have a fluid interior) 
will not flow round the particle even if the surface tensions are of 
the limiting value, (ii) It fails to cover the cases in which ingestion is 
preceded by the formation of ‘ food cups ’. It is difficult to imagine that 
the mechanics of food cup formation and of ingestion are funda- 
mentally different. (iii) There is no evidence to show that an alteration 
in the surface tension of the particle/medium interface affects in any 
way the phagocytic powers of cells. It might, perhaps, be urged that 
such evidence would be very difficult to obtain, (iv) In a protein 
solution all foreign particles are probably coated with a protein film, 
so that unless this film is destroyed at the point of contact all particles 
should be ingested with equal ease, (v) Ledingham (1912) found that 
at low temperatures micro-organisms tend to collect at the periphery 
of leucocytes but were not ingested. Since surface tension is in- 
creased by decreasing the temperature it is difficult to see why cells 
should fail to ingest at low temperatures if the controlling factor is 
surface tension. 
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Tait’s observation that Astacus leucocytes would not invest fat 
droplets IS not universally true for phagocytic cells. In attempting 
to inject various oils into Amoeba dubia, Dawson and Belkin ( 1909 ) 
observed that in many cases the drops of oil instead of being in- 
jected into the organism were merely brought into intimate contact 
with the outermost surface of the organism. On removimi the 
pipette, the drop was not dislodged from the surface of the Amoeba 
but continued to remain attached to it, usually assuming the form 
of a slightly concave hemisphere with the concave face hi contact 
with the Amoeba. Whenever this occurred there was ‘instant’ and 
typical response on the part of the organism. The protoplasm in 
contact with the oil extruded a pseudopodium to the tip of which the 
oil remained in contact while the main body of the amoeba continued 
to flow into the pseudopodium; the general appearance of the 
Amoeba changed, approximating to the A. Umax form. Progression 
always occurred with the ‘cap’ of oil in front, and the cap might 
remain attached in this position for some days. If a drop of oil was 
permitted to remain in contact with an amoeba for several seconds, 
the amoeba reacted by flowing round and over the oil, forming a 
normal food cup ; when the pipette was removed, complete ingestion 
of the oil took place. For ingestion to occur the oil had to be 
supported against the pipette— for if the droplet was ejected into 
the medium directly in the path of the amoeba, the latter extruded 
pseudopodia towards it, but digestion failed because the streaming 
pseudopodium pushed the oil away from it. If the drop was held 
against the surface of the amoeba ingestion occurred. These ob- 
servations indicate that the process of adhesion between a cell and 
an oil surface is distinct from the subsequent process of ingestion 
into the cell — which is contrary to the conceptions put forward by 
Tait. It is also interesting to note that all Amoebae cannot ingest 
oil drops in the way described for Amoeba dubia. Dawson and 
Belkin found that A. proteus failed to ingest oil and this they corre- 
late with the fact that this species possesses a much tougher surface 
layer than does A. dubia. 

As already pointed out it is by no means certain that the spreading 
of leucocytes on plane surfaces has any real connection with their 
phagocytic powers. Barikine (1910) and later Fenn (1922-3) have 
shown that reagents which influence the adhesion of leueoc 3 d;es to 
surfaces do not affect phagocytosis of particles in the same way. 
Fenn determined the percentage of leucocytes which can be washed 



502 


PHAGOCYTOSIS 


off a glass slide by a stream of water, thereby getting some indica- 
tion of the adhesive force between the two units. The results indicate 
that the factors which influence the adhesion of the cells to various 
surfaces are not the same as those which influence the phagocytosis 
of discrete particles. Thus in acid solutions quartz particles are 
phagocytised more readily than carbon particles, but the stickiness 
of leucocytes to coal is greater than to glass in both acid and alkali. 
Again calcium chloride, ethyl alcohol, and iodoform, which were 
found by Hamburger (1912) to increase phagocytosis of carbon, have 
no effect or slightly decrease the stickiness of leucocytes to glass. 
Very significant, perhaps, is the observation that the presence of 



Fig. 204. The presence of serum increases the phagocytosis of carbon particles, but 
its efficiency is destroyed by heating to 56° C. for 40 mins. (From Fenn.) 

serum increases the phagocytosis of solid particles but decreases the 
stickiness to glass, coal, mica and paraffin. This suggests that the 
spreading of the leucocyte on a glass surface is an indication that 
the cell is no longer in its normal condition; the more normal the 
environment of the cell the less likely it is to undergo pathological 
change. 

It is possible to seek for a physical explanation of the adhesion of 
cell to particle from an entirely different source to surface tension. 
We may regard the adhesion as akin to that between discrete 
inanimate particles in colloidal suspension. As a general rule the 
stability of discrete particles is at a minimum at the isoelectric 
point, so that one might infer that phagocytosis would be greatest 
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at the hydrogen ion concentration at which the repulsive effect 
between particle and cell was at a minimum. The observations of 
Fenn (1923), however, do not support this view. Phagocytosis for 
both carbon and quartz is greatest near neutrality, in acid solution 
quartz is ingested more rapidly than carbon, in alkaline solutions 
the reverse is the case (see Table LXXV). 

Fenn (1922) concludes that the cataphoretic potential between 
the particles and the medium is not the controlling factor for in- 
gestion, since in the presence of serum both quartz and carbon 
particles will be coated with plasma proteins and therefore bear the 
same change. Although neither surface tension nor surface charge 
appears to give an adequate picture of the selective action of cells 
for carbon as opposed to quartz, it is interesting to recall Rhumbler’s 

Table LXXV. Increase in the ratio of ingested carbon to ingested 
quartz particles with increase of pH 


Exp. no. 

Serum % 


% carbon 
% quartz 

1 

17 

7-2 

0-8S 



7-6 

1-S 

2 

7 

6-4 

0-43 

1 


7-3 

1*39 



7-6 

2-93 


experiments with oil and alcohol. Rhumbler made a suspension of 
coal and quartz particles in oil and sprayed this into 70 per cent, 
alcohol: the coal particles remained inside the oil drops while the 
quartz collected on the surface. Similarly, according to Fenn, carbon 
collects more readily than quartz at the interface between chloro- 
form and water. 

As already mentioned it is by no means certain that the concepts 
of economy of surface energy applicable to a liquid interface can 
give an adequate picture of the process of ingestion of a particle by 
a living cell. When a leucocyte spreads on glass the process is irre- 
versible and in this respect such cells are highly abnormal. As far 
as can be judged, the phagocytic activities of the cells are greatest 
when in their normal environment for, contrary to the views ex- 
pressed by Hamburger (1912), Fenn (1920 b) found that the presence 
of normal blood serum greatly increased the power of leucoc\i:es to 
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ingest carbon and quartz. Similarly Ouweelen (1917) observed a 
failure of leucocytes to ingest starch grains in the absence of serum. 

It is possible to look upon the process of ingestion as akin to 
amoeboid movement and regard the energy expended as being 
derived from metabolic sources rather than the surface energy at the 
cell/medium interface. Such a conception is in harmony with the 
fact that all cell surfaces exhibit plastic rather than viscous flow — 
in other words they are of a solid and not of a liquid nature. That 
the surface of invertebrate leucocytes is of a solid nature is very 



Fig. 205. Curves sho^ving the number of bacteria taken up per leucocyte (ordinates) 
as a function of the time (abscissae) at different temperatures. Note the shorter 
latent period, higher maximum and shorter duration of the experiment at higher 
temperatures. (After Fenn, 1922 a.) 


clearly demonstrated by the recent observations of Faure-Fremiet 
(1929) (see fig. 31). The high temperature coefficient of ingestion 
recorded by Fenn, viz. 3*2 ± 0*4 at 27‘^-35° C. and 14*2 ± 1*7 at 
20°~27° C. suggests that a chemical process, is involved. If ingestion 
is the result of the redistribution of surface energy at a liquid inter- 
face, such figures are very remarkable : they are not so difficult to 
explain if the energy required to rupture the cell surface is being 
derived from metabolic processes inside the cell. The observations 
of Ledingham (1908) suggest, however, that although the whole 
cycle of phagocytosis may have a high temperature coefficient, the 
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effect of temperature on the actual process of ingestion is not nearly 
so obvious. Ledingham found that if a mixture of Staphylococcus 
aureus, serum, and leucocytes was ingested at 18° C., the phagocytic 
activity of the cells was about one-quarter to one-fifth of that 
exhibited by the cells of a similar suspension incubated at 37° C. If, 
however, the bacteria and serum were previously mixed and incu- 
bated before the leucocytes were added, then subsequent incubation 
at 18° produced as much phagocytosis as at 37° C. These observa- 
tions must, however, be considered in conjunction with the fact, 
already mentioned, that at still lower temperatures bacteria will 
adhere to but are not ingested by leucocytes. The amoeboid theory 
of phagocytosis is difficult to harmonise with the statement that 
leucocytes incapable of active movement can ingest particles 
(Friedemann and Schonfeld, 1917). 
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Membranella, structure of, 466 
Membranes, sieve theory of, 350, 367 
Metabolism of growing cells, 273 
Metachronal rhythm, 484 seq. 

Metaplasia, 297 
Micro-analysis, 81 seq. 

Microciona, restitution bodies of, 106, 
297 

Micro-organisms, metabolism of, 29 
Minimum surface, law of, 258 seq. 
Mitogenic rays, 181 
Mitosis, 141 seq. 

— , abnormal, 173 seq. 

— , mechanics of, 166 seq. 

~ , metaphase of, 152 seq. 

— , stimulation of, 177 

— , velocity of, 145 
Monas, flagellum of, 470 
Monaster, 161 
Monotropa, nuclei of, 130 


Motella, vibratile fins of, 455 
Mucor, nitrogen content of, 80 
Muscles, water content of, 331, 335, 337 
Mytilus, 36, 47 

— , cilia of, 465-469, 485 
Myxomycetes, ectoplasm of, 103 

Necrohormones, 177 

Nereis eggs, cleavage planes of, 241 

— , effect of pressure on, 135 

— , fertilisation of, 227, 228, 426, 

433 

— , mitosis in, 152, 161, 243 

— , partial fertilisation of, 437, 

440 

— , segmentation of, 262 

— , viscosity of, 66 

Nereis sperm, agglutination of, 419 

— , aggregation of, 419 

Niiella, bioelectric properties of, 24 

— , electrical conductivity of, 87 

— , permeability of, 369, 373 seq., 392 
NUzschia, growth of, 274 

NocHluca, electrical stimulation of, 28, 309 
Nostoc, nuclear derivatives in, 128, 129 
Nucleic acid, 84 

Nucleo-cytoplasmic ratio, 132 seq., 271 
Nucleus, biological properties of, 126 seq. 

— , catalysts of, 134 

— , chemistry of, 126 seq. 

— , effects of injury on, 129, 150 

— , optical structure of, 120 seq. 

— and regeneration, 130 

— and respiration, 131 

— , role in development of, 135 seq. 

— , synthesis of, 133 

— , variability of, 308 

— , viscosity of, 125 

Oil drops, form of, 250 
— , ingestion of, 501 

Opalina, permeability of, 372 
Osmosis, anomalous, 344 
Osmotically inactive water, 331 seq. 
Oxidase, indophenol, 21 

Paracentrotiis eggs, artificial partheno- 
genesis of, 439 
, respiration of, 219 

— , rigidity of, 216 seq. 

— , velocity of segmenta- 

tion, 148 

Paramecmm, cilia of, 479 
^ — , cleavage of, 215 

— , form of, 248, 249 

— , viscosity of, 63 

Paris, chromosomes of, 151 
Parthenogenesis, artificial, 437 seq. 
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Particles, hydration of, 35, 60 

— , size of colloidal, 316 
Pecien, metabolism of cilia, 479 

— , metaplastic growth in, 299 
PeniciUium spores, ingestion of, 496 
Peraneyna, flagellum of, 476 
Permeability, coefficients of, 340, 349 

— , dyes, 371 seq. 

— , electrolytes, 354 seq. 

— , functional significance of, 

401 

— , irreciprocal, 375 

— , non-electrolytes, 350 seq. 

— , water, 325 seq. 

Phagocytosis, 490 seq. 

— , elfect of serum on, 503 

— , effect of temperature on, 

504 

— , mechanism of, 496 

Phosphorus, microcliemistry of, 83 

r Physa, cilia of, 481 
Planarians, regeneration of, 2 
Plant cells, permeability to water, 325 seq. 
Plasmolysis, 325 seq. 

Platy nereis eggs, fertilisation of, 422 
Pleurobrachia, cilia of, 481, 484, 486 
Polar furrow, formation of, 237 
Polynoe eggs, artificial parthenogenesis of, 
439 

Polyspermy, 432 
Populations, growth of, 310 seq. 
Potassium, microchemistry of, 82 
Potentials, phase boundary, 22, 383, 393 
seq. 

Prophase, mitotic, 148 

Proteins, ampholytic properties of, 35 

— , denaturated, 37 

— , lieat coagulation of, 37 

— , reactions with calcium, 45 
Protoplasm, chemical composition of, 79 

— , electrical conductivity of, 87 

— , heat coagulation of, 42 seq. 

— , miscibility of, 76 seq, 

— , optical properties of, 71 

— , pH of, 85 

— , streaming of, 457, 458 

— , viscosity of, 59 seq., 66 seq. 

Quartz, cataphoresis of, 54 

— , ingestion of, 493 seq. 

Rat, ciliated cells of, 467 
Red blood-corpuscles, conductivity of, 
357 

— , elasticity of, 105 

— , electrol^es in, 

368, 370 

— , form of, 263 seq. 
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Red blood-corpuscles, water content of, 
329, 363 

Respiration, inhibition of, 20 

— , intracellular, 19 
Respiratory ferment, 19 
Restitution bodies, 297 
Reticulariai composition of, 79 

— , protoplasmic viscosity of,. 64 
Rhizopus, protoplasmic viscosity of, 57 
Rotifers, water content of, 324 

Salamandra, leueoe\i;es of, 165 
Salmo, eggs of, 71, 314, 422 

— , muscle fibres of, 269 

— , spermatozoa of, 409 
Samhucus, form of cells in, 257 
Sols, 65, 68 seq. 

— , iron oxide, 57 
Spermatozoa, 408 seq. 

— , agglutination of, 420 

— , aggregation of, 419 

— , antagonism of, 433 

— , movement of, 472 

— , respiration of, 410 seq. 

— , survival of, 417 

Sphaerechimis eggs, cross fertilisation of, 

175 

— , cadasters in, 441 
Spindle, fibres, 155 

— , mechanical properties of, 156 
Spirillum, movement of, 473 
Spirogyra, elleet of Ca** lack on. 116, 117 

— , permeability of, 375 

— , plasmolysis of, 325, 320, 352 

— • , potassium in, 82 

— , protoplasmic viscosity of, 59 . 6>S 
Spirostomum, protoplasm of, 71 
Sponges, regeneration of, 297 seq. 
Spongilla, flagellum of, 471 

Staining, differential, 42 
Staphylococcus, growth of, 283 

— , ingestion of, 505 
Statistical laws, 7 

Stentor, enucleation of, 130 
Stokes’ Law, 62 

Strongylocentrotus, artificial partheno- 
genesis of, 439 

— , cross fertilisation of, 

175 

— , endoplasm of, 89 

— , sperm agglutination 

of, 420 " 

Styela, cytoplasmic differences in, 93 seq. 
Suspensions, colloidal, 7 
Swelling, post-mortem, 335 
Sycandra eggs, segmentation of, 235 
Symphoricarpus, protoplasm of, 58 
Synapta eggs, segmentation of, 235 
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Tetrakaidecahedron, properties of, 256 
Thalassema eggs, artificial partheno- 
genesis of, 439 

Thalassiosira, growth of, 274 
Thermodynamics, second law of, 8, 14 
Tissue-culture, 289 seq. 

Toxopmustes eggs, cytasters in, 163 

— , fertilisation of, 227 

— , monastral, 161 
Tradescantiai chromosomes of, 149 

— , plasmolysis of, 326 seq, 

— , protoplasm of, 58 

— , spindles of, 156 

Tripneustes, protoplasm of, 64 
Triton i nuclei of, 120 • 

Vnio, nuclei of, 120 
Uroleptus, growth rate of, 282 


Valonia, bioelectric properties of 23 
24, 376, 395 ’ ’ 

— , permeability of, 370, 373 seq 

376, 392 

— , sap of, 366, 368 
Variability, dynamic, 308 seq. 

— , static, 307 seq. 

Vespertilio, nuclear growth in, 133 
Vibratile movement, 463 seq. 

Vida faba, protoplasmic viscosity of 
64 ^ ’ 

Viscosity, protoplasmic, 59 seq., 66 seq. 
Vorficella, cytoplasm of, 82 

Water, permeability of cells to, 325^eq. 
— , secretion of, 343 

Xlphophorm^ spermatozoa of, 409 
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